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Description

I. TECHNICAL FIELD

[0001] This invention relates to the manufacture of glass sheets such as the glass sheets used as substrates in display
devices such as liquid crystal displays (LCDs). More particularly, the invention relates to methods for reducing the amount
of distortion which glass substrates exhibit when cut into parts during, for example, the manufacture of such displays.

II. BACKGROUND

[0002] Display devices are used in a variety of applications. For example, thin film transistor liquid crystal displays
(TFT-LCDs) are used in notebook computers, flat panel desktop monitors, LCD televisions, and Internet and communi-
cation devices, to name only a few.
[0003] Many display devices, such as TFT-LCD panels and organic light-emitting diode (OLED) panels, are made
directly on flat glass sheets (glass substrates). To increase production rates and reduce costs, a typical panel manufac-
turing process simultaneously produces multiple panels on a single substrate or a sub-piece of a substrate. At various
points in such processes, the substrate is divided into parts along cut lines (see, for example, the discussion of the
"assemble and cut" and "cut and assemble" processes in Section V(B) below).
[0004] Such cutting changes the stress distribution within the glass, specifically, the in-plane stress distribution seen
when the glass is vacuumed flat. Even more particularly, the cutting relieves stresses at the cut line such that the cut
edge is rendered traction free. Such stress relief in general results in changes in the vacuumed-flat shape of the glass
sub-pieces, a phenomenon referred to by display manufacturers as "distortion." Although the amount of shape change
is typically quite small, in view of the pixel structures used in modern displays, the distortion resulting from cutting can
be large enough to lead to substantial numbers of defective (rejected) displays. Accordingly, the distortion problem is
of substantial concern to display manufacturers and specifications regarding allowable distortion as a result of cutting
can be as low as 2 microns or less.
[0005] The present invention is directed to controlling distortion and, in particular, to methods for controlling distortion
in sub-pieces cut from glass sheets produced by a drawing process, such as, a downdraw, fusion downdraw, updraw,
float, or similar process.
[0006] U.S. Patent No. 6,758,064 discloses glass plate manufacturing apparatus having a strain reduction unit which
has a heat treating unit that slowly cools the sheet glass after molding and a controlling unit that ensures that the amount
of extension of the edge areas of the sheet is larger than the amount of extension of the center area.

III. SUMMARY

[0007] The invention provides methods for controlling the distortion exhibited by sub-pieces cut from glass sheets cut
from a glass ribbon produced by a drawing process according to claims 1 and 6. The invention also provides a method
for producing sheets of glass using a glass manufacturing process that produces a ribbon of glass according to claim 7.
[0008] In accordance with the invention, a temperature range along the glass ribbon produced by a drawing process
has been identified which plays a critical role in reducing distortion levels. As the glass is being drawn, it passes through
this critical range and the across-the-ribbon temperature distributions and/or the across-the-ribbon shapes associated
with this range are key determinants of the amount of distortion exhibited by sub-pieces cut from glass sheets produced
from the ribbon.
[0009] This temperature range is referred to herein as the "setting zone temperature range" or SZTR, and methods
by which the range can be determined for any particular glass composition and drawing rate are discussed below in
Section V(D)(3). The term "setting temperature" has previously been used in the glass making art in connection with
glass-to-metal seals. See H. E. Hagy and H. N. Ritland, in "Viscous flow in glass-to-metal seals," Journal of the American
Ceramic Society, Vol. 40, pp. 58-62. See also ASTM F-144-80. The setting temperature values determined in accordance
with these references are on the order of 25°C above the glass’ strain point. The setting zone temperature range of the
present invention, on the other hand, occurs at substantially higher temperatures. A primary reason for this difference
is the high rate of cooling which a glass ribbon experiences in a drawing process. This high rate of cooling causes the
glass to take a "set" at temperatures well above the strain point, e.g., at temperatures approximately 75-150°C above
the strain point for the types of glasses typically used for LCD applications.
[0010] In view of the foregoing, the invention, in accordance with a first aspect, provides a method for controlling the
distortion exhibited by sub-pieces cut from glass sheets (13) cut from a glass ribbon (15) produced by a drawing process
(e.g., a fusion downdraw process) having a drawing rate, said glass having a setting zone temperature range (SZTR)
for said drawing rate, said glass ribbon having a centerline, and said method comprising:
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(a) determining an across-the-ribbon shape for the ribbon at one or more longitudinal positions along the ribbon
where the glass at the centerline of the ribbon has a temperature within the SZTR (e.g., a position within, for example,
region 31 in FIG. 1), and
(b) producing an across-the-ribbon temperature distribution at one or more longitudinal positions along the ribbon
(a position which is within the SZTR) based on at least one of the one or more across-the-ribbon shapes determined
in step (a) so that a population of glass sheets cut from the ribbon (e.g., a population of 50 sequential sheets) has,
for each sheet in the population, a maximum distortion of 2 microns for sub-pieces cut from the sheet, where each
sheet in the population has an area greater than or equal to 0.25 square meters.

[0011] In accordance with a second aspect, the invention provides a method for controlling the distortion exhibited by
sub-pieces cut from glass sheets (13) cut from a glass ribbon (15) produced by a drawing process having a drawing
rate, said glass having a setting zone temperature range (SZTR) for said drawing rate, said glass ribbon having a
centerline, and said method comprising producing an across-the-ribbon temperature distribution at one or more longi-
tudinal positions along the ribbon where the glass at the centerline of the ribbon has a temperature within the SZTR
based on a representative shape for the glass sheets under substantially gravity-free conditions (e.g., an average shape
measured and/or calculated under substantially gravity-free conditions for a set of glass sheets produced by the drawing
process) so that a population of glass sheets cut from the ribbon (e.g., a population of 50 sequential sheets) has, for
each sheet in the population, a maximum distortion of 2 microns for sub-pieces cut from the sheet, where each sheet
in the population has an area greater than or equal to 0.25 square meters.
[0012] In accordance with a third aspect, the invention provides method for controlling the distortion exhibited by sub-
pieces cut from glass sheets (13) cut from a glass ribbon (15) produced by a drawing process having a drawing rate,
said ribbon having a centerline, and said method comprising:

(i) determining a setting zone temperature range (SZTR) for the glass for said drawing rate; and
(ii) producing an across-the-ribbon temperature distribution at one or more longitudinal positions along the ribbon
where the glass at the centerline of the ribbon has a temperature within the SZTR based on a representative stress
distribution for the glass sheets under vacuumed flat conditions (e.g., an average stress distribution measured and/or
calculated under vacuumed flat conditions for a set of glass sheets produced by the drawing process) so that a
population of glass sheets cut from the ribbon (e.g., a population of 50 sequential sheets) has, for each sheet in the
population, a maximum distortion of 2 microns for sub-pieces cut from the sheet, where each sheet in the population
has an area greater than or equal to 0.25 square meters.

[0013] In accordance with other aspects, the invention provides iterative methods for determining across-the-ribbon
temperature distributions that achieve controlled levels of distortion, including iterative methods that employ computer
modeling of the effects of across-the-ribbon temperature distributions on across-the-ribbon shapes.
[0014] For ease of presentation, the present invention is described and claimed in terms of the production of glass
sheets. It is to be understood that throughout the specification and claims, the word "glass" is intended to cover both
glass and glass-ceramic materials.
[0015] Also, the phrase "across-the-ribbon temperature distribution" means a temperature distribution at the surface
of the glass ribbon. Such temperature distributions can be measured by various techniques known in the art, such as
with pyrometers and/or contact thermocouples.
[0016] Further, the phrase "in-plane shape change" refers to the change in shape which a sheet of glass exhibits as
a result of being flattened against a plane surface, and the word "distortion" refers to the change in shape (specifically,
shape when vacuum flattened) of a sub-piece that occurs when the sub-piece is cut from a larger glass sheet.
[0017] Quantitatively, the "maximum distortion for sub-pieces cut from a sheet" is determined using distance meas-
urements performed under vacuumed flat conditions before and after cutting the sheet into two sub-pieces of equal
areas. Specifically, for each of the two sub-pieces, the maximum change in distance is determined between any two of
the sub-piece’s four corner points, including changes in the diagonal distances, before and after cutting under vacuumed
flat conditions, i.e., measurements are made under vacuumed flat conditions on the uncut sheet and then made on the
individual sub-pieces, again under vacuumed flat conditions. The maximum of these two maximums is then the "maximum
distortion for sub-pieces cut from that sheet." Some manufacturers of display panels currently use somewhat different
quantitative definitions of maximum distortion than the foregoing definition. However, the foregoing definition correlates
with these other definitions, and the foregoing definition has the advantage that it can be readily determined in all cases.
[0018] The reference numbers used in the above summaries of the various aspects of the invention are only for the
convenience of the reader and are not intended to and should not be interpreted as limiting the scope of the invention.
More generally, it is to be understood that both the foregoing general description and the following detailed description
are merely exemplary of the invention and are intended to provide an overview or framework for understanding the
nature and character of the invention.
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[0019] Additional features and advantages of the invention are set forth in the detailed description which follows, and
in part will be readily apparent to those skilled in the art from that description or recognized by practicing the invention
as described herein. The accompanying drawings are included to provide a further understanding of the invention, and
are incorporated in and constitute a part of this specification. It is to be understood that the various features of the
invention disclosed in this specification and in the drawings can be used in any and all combinations.

IV. BRIEF DESCRIPTION OF THE DRAWINGS

[0020]

FIG. 1 is a schematic view of a fusion glass fabrication apparatus in accordance with an example embodiment of
the invention. The longitudinal position of the SZTR (31) is schematically illustrated in this figure.
FIGs. 2A, 2B, and 2C are schematic drawings of cooling bayonets that can be used in producing across-the-ribbon
temperature distributions.
FIG. 3 is a drawing of a spherically-shaped glass sheet having a dome height of δ.
FIG. 4 is a drawing showing the edge stresses developed by the sheet of FIG. 3 when flattened.
FIGs. 5 is a drawing showing coordinate systems which can be used in calculating a thermal profile which will
compensate for the edge stresses of FIG. 4.
FIG. 6 is a drawing showing the geometry of the spherically-shaped sheet of FIG. 3.
FIG. 7 is a drawing of a thermal profile which can be used to compensate for the shape-induced edge stresses of
FIG. 4.
FIG. 8 is a drawing showing the thermal edge stresses produced by the thermal profile of FIG. 7.
FIG. 9 is a drawing showing a one-dimensional thermal profile that can be used to partially compensate for the
shape-induced edge stresses of FIG. 4.
FIG. 10 is a drawing showing the thermal edge stresses produced by the thermal profile of FIG. 9.
FIG. 11 is a drawing showing the thermal edge stresses produced by two times the thermal profile of FIG. 9.
FIG. 12 is a drawing of a ellipsoidally-shaped glass sheet.
FIG. 13 is a drawing of a thermal profile (span-wise temperature variation) which can be used to compensate for
the shape-induced edge stresses associated with the sheet of FIG. 12 when flattened.
FIG. 14A is a drawing of the shape-induced edge stresses produced when the sheet of FIG. 12 is flattened.
FIG. 14B is a drawing showing the thermal edge stresses produced by the thermal profile of FIG. 13.
FIG. 15 is a drawing of a thermal profile which can be used to compensate for the shape-induced edge stresses
associated with flattening an ellipsoidally-shaped sheet having an F ratio of 5.
FIG. 16 is a drawing of a thermal profile which can be used to compensate for the shape-induced edge stresses
associated with flattening an ellipsoidally-shaped sheet having an F ratio of 10.
FIG. 17 illustrates the decomposition of an edge stress distribution into a long-scale (long range; low spatial frequency)
component and a short-scale (short range; high spatial frequency) component. The vertical axis in FIG. 17 is stress
in arbitrary units and the horizontal axis is distance along the edge of the glass sheet in meters.
FIG. 18 is a schematic drawing illustrating the temperature distribution used in determining the upper and lower
limits of the SZTR.
FIG. 19 is drawing showing temperature as a function of distance from the root of an isopipe for lines S and M in FIG. 18.
FIG. 20 is a plot showing residual stress as a function of the extent of the ΔT-affected zone.
FIG. 21 is a view of FIG. 20 along the ηL axis of the setting zone parameter (SZP).
FIG. 22 is a view of FIG. 20 along the ηH axis of the setting zone parameter (SZP).

[0021] The reference numbers used in the figures correspond to the following:

13 glass sheet (glass substrate)
15 glass ribbon
17 cooling bayonet
19 inlet
21 exit
23 emissivity coating
25 emissivity coating (different emissivity than coating 23)
27a,b edge rollers
29 pulling rolls
31 region of ribbon corresponding to the SZTR
35 score line
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37 isopipe, i.e., forming structure used in a downdraw fusion process
39 cavity in isopipe for receiving molten glass
41 root of isopipe

V. DETAILED DESCRIPTION

(A) Stresses in Glass Substrates Used to Make Display Panels

[0022] Glass substrates used in the manufacture of display panels, e.g., liquid crystal display panels, have the common
characteristic of being thin, e.g., the substrate thickness is at most 1.1 millimeters, more typically, about 0.7 millimeters,
and in the future, may be even thinner. Because of this thinness, substrates can relieve long range, in-plane stress by
buckling, and they do so both in their finished state and while they are being manufactured.

(B) Buckling of Finished Substrates and Its Role in Distortion

[0023] If a finished glass substrate is placed in a gravity-free or substantially gravity-free environment (e.g., in a fluid
having the same density as the glass), the substrate will have essentially no long range, in-plane stresses. Rather,
through buckling, the substrate will adopt a shape in which long range, in-plane stresses are relieved. For a typical
substrate for use in manufacturing flat panel displays, the long range, in-plane stresses that can be relieved by buckling
are those having a spatial period greater than about 30 millimeters. Some short range stresses, e.g., stresses over in-
plane distances of about 10 millimeters or less, may not be relieved, but over longer in-plane distances, the buckling
mechanism will operate to substantially remove in-plane stress.
[0024] It should be noted that in terms of distortion (see below), the in-plane stresses that are important are those
having spatial periods substantially longer than 30 millimeters. Specifically, the in-plane stresses which lead to distortion
upon cutting of a substrate into sub-pieces are those having spatial periods longer than about one-quarter the width of
the substrate, e.g., 250 millimeters for a 1 meter wide substrate. Because these spatial periods are much greater than
30 millimeters, in-plane stresses associated therewith are essentially fully relieved by buckling.
[0025] It should also be noted that in the general case, in-plane stresses in a substrate that is flattened have a two
dimensional distribution. Such a distribution can be analyzed in terms of spatial components. In a gravity-free or sub-
stantially gravity-free condition, those components which have relatively low spatial frequencies (relatively long spatial
periods) can be relieved by buckling, while those which have relatively high spatial frequencies (relatively short spatial
periods) generally cannot. As discussed above, for typical substrates for flat panel displays, the transition between long
spatial periods where buckling is effective to relieve in-plane stress and short spatial periods where buckling may not
be effective, is generally in the 30 millimeter or above range. As used herein, "long range, in-plane stresses" are those
components of the stress which have long spatial periods, e.g., in the 30 millimeter or above range.
[0026] The result of buckling is, of course, to produce a non-flat substrate shape. Thus, if a substrate would exhibit
long range, in-plane stress when flattened, e.g., through the application of a vacuum (see below), then such a substrate
when placed in a gravity-free or substantially gravity-free environment will have a non-flat shape. If taken out of that
environment and placed on a flat surface (but not actively flattened against the surface), some in-plane stress will develop
in the glass as a result of the action of gravity. Also, the shape will change, again through the action of gravity. Thus, a
buckled, substantially stress-free finished substrate in a gravity-free or substantially gravity-free environment will become
a buckled, stress-containing substrate on a flat surface as a result of gravity, but the buckling will be different from that
in the gravity-free or substantially gravity-free state.
[0027] If the finished substrate is actively flattened against a flat surface either by being pulled towards the surface
through the application of a vacuum from behind the surface (e.g., by being pulled onto a vacuum platen) or by being
pushed against the flat surface by another flat surface (e.g., if the substrate is sandwiched between two flat platens),
then the buckling will be removed, but in its place, the substrate will exhibit long-range, in-plane stress. Such long-range,
in-plane stress will, in turn, result in long-range, in-plane strain, i.e., in long-range in-plane displacements of the substrate.
Except in the case where the shape in the gravity-free environment is a "developable" shape (see Timoshenko, S.,
Woinowsky-Krieger, S., "Theory of Plates and Shells," McGraw-Hill Book Company, Second Edition, 1959, page 47 and
Eisenhart, L.P., "An Introduction to Differential Geometry With Use of the Tensor Calculus," Princeton University Press,
1947, page 54), as in certain embodiments of the present invention (see below), the in-plane displacements will result
in in-plane shape changes, e.g., fiducial marks on the surface of the substrate which would, for example, define a right
angle in the gravity-free or substantially gravity-free environment will no longer define a right angle when the substrate
is vacuumed onto a flat surface.
[0028] In the manufacturing of flat panel displays, substrates are vacuumed onto flat platens during processing (e.g.,
during photolithography) and are also sandwiched between two flat platens during, for example, assembly into panels,
e.g., in a liquid crystal display, a substrate carrying a set of transistor arrays and a second substrate carrying a set of
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filter arrays are sandwiched between flat platens during assembly, with liquid crystal material being sealed between the
transistor and filter arrays. Each time such flattening occurs, the substrate will exhibit in-plane shape change.
[0029] Such in-plane shape change upon flattening can, in general, be tolerated if it remains the same throughout the
panel manufacturing process. For example, if a set of transistor arrays (e.g., a set of 9 arrays in a 3 x 3 matrix) is formed
on a first substrate while the substrate is in a flattened condition (e.g., while the substrate is being pulled onto a vacuum
platen), a corresponding set of filter arrays is formed on a second substrate which is also in a flattened condition, and
then the first and second substrates are sandwiched together between flat platens and cemented to form a set of panels,
in-plane shape changes of the substrates as a result of flattening does not generally reduce yields because the same
in-plane shape changes occur during array formation and during assembly. That is, during assembly, the transistor and
filter arrays will exhibit the same in-plane shape changes as they exhibited when they were formed, and thus they can
be accurately aligned with one another. When individual panels are cut from the assembly, because the components of
such panels are firmly cemented together prior to the cutting, the shape change of the transistor and filter arrays will be
essentially the same.
[0030] Display manufacturers refer to a process of the foregoing type as "assemble and cut," and for this process, in-
plane shape changes as a result of flattening are not currently considered as substantially increasing manufacturing costs.
[0031] However, display manufacturers also use a process known as "cut and assemble." In this process, a set of
transistor arrays is formed on a substrate while the substrate is flattened (e.g., 9 transistor arrays are formed in a 3 x 3
matrix). Thereafter, the substrate is cut into sub-pieces (e.g., into 3 columns, each having 3 transistor arrays). The same
approach is followed for the filter arrays, i.e., filter arrays are formed on a substrate which is then cut into sub-pieces.
Next, a sub-piece carrying transistor arrays (e.g., a column of 3 transistor arrays) is aligned with a sub-piece carrying
filter arrays (e.g., a column of 3 filter arrays), and the sub-pieces are then flattened between platens and cemented.
Finally, individual panels are cut from the assembled sub-pieces.
[0032] This "cut and assemble" process is often used when a new line or process is first being put into commercial
production because it reduces waste, e.g., the process facilitates alignment of non-defective color filters and non-defective
transistor arrays. In some cases, "cut and assemble" is used throughout the life of a display manufacturing process,
while in others, a switchover to an "assemble and cut" process is made once defect levels have been reduced.
[0033] As in the "assemble and cut" process, cutting individual panels from assembled sub-pieces formed by a "cut
and assemble" process does not generally present shape change problems since the cutting occurs after the components
are firmly attached to one another, and thus the alignment of the transistor and filter arrays is maintained. However, the
cutting of transistor and filter sub-pieces from substrates does present distortion problems.
[0034] This is because stresses are relieved at the cut lines and accordingly, when the sub-pieces are flattened during
the assembly step, they do not, in general, generate the same in-plane stresses and therefore they exhibit different
shape changes as a result of no longer being part of an intact substrate. If sufficiently large, such distortions can lead
to unacceptable misalignments between the transistor and filter arrays.
[0035] Such distortion would not be as serious a problem in the manufacturing of flat panel displays if all sub-pieces
exhibited exactly the same distortion since in such a case, at least in theory, the distortion could be taken into account
in the display manufacturing process. However, sub-pieces do not in general exhibit the same distortion. This is so even
when sub-pieces are cut from the same substrate, since if different parts of the substrate have different long range
buckling patterns in a gravity-free or substantially gravity-free environment, then when the substrate is cut into sub-
pieces along cut lines, different long range, in-plane stress distributions (corresponding to the different long range buckling
patterns) will be relieved at the different cut lines and thus the final long range, buckling patterns of the individual sub-
pieces in a gravity-free or substantially gravity-free environment will be different, and thus those individual sub-pieces
will exhibit different distortions.
[0036] The solution to the above distortion problem is, of course, straightforward -- if a substrate and/or a sub-piece
of a substrate exhibits a low level of long range, in-plane stress when flattened, then it will also exhibit low levels of strain
(displacement) under those conditions, and thus low levels of distortion. The challenge has not been in recognizing the
ultimate source of the distortion problem, but rather has been in developing practical manufacturing processes which
can achieve low levels of long-range, in-plane stresses in flattened substrates and/or sub-pieces. The present invention
is addressed to such manufacturing processes.

(C) Across-The-Ribbon Shapes and Across-the-Ribbon Thermal Distributions

[0037] Typically, multiple sub-pieces are produced from a single substrate in a "cut and assemble" process. The single
substrate, in turn, is typically produced by a continuous manufacturing process, such as, a downdraw (e.g., a fusion
downdraw), updraw, or float process, which produces a ribbon of glass from which individual substrates are cut.
[0038] Such continuous manufacturing processes involve the melting and refining of raw materials to produce molten
glass which is then formed into the ribbon by suitable forming equipment, e.g., an "isopipe" in the case of a downdraw
process of the overflow type (see the discussion of FIG. 1 in Section V(D)(2) below). Once formed, the ribbon is cooled,
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which causes the glass making up the ribbon to undergo a transformation from a visco-elastic material in which stresses
are rapidly relieved to a thin elastic material which can support tension stresses, but tends to respond to compression
stresses by buckling.
[0039] Although the transformation from a visco-elastic material to an elastic material is a complex phenomenon, as
a first approximation, the transformation can be considered to occur in a particular zone along the length of the ribbon
(the transformation zone). The transformation zone lies in that portion of the ribbon where the glass is passing through
its glass transition temperature range (GTTR).
[0040] Two characteristics of the ribbon in the transformation zone are important with regard to the in-plane stress
which a substrate cut from such a ribbon (and/or a sub-piece cut from the substrate) will exhibit when flattened: (1) the
transverse shape of the ribbon (the across-the-ribbon shape) and (2) the ribbon’s transverse temperature distribution
(the across-the-ribbon temperature distribution). To a first approximation, the ribbon is substantially stress free in the
transformation zone because it is, or has just been, a visco-elastic material where stresses are rapidly relieved. Similarly,
and again to a first approximation, the effects of mechanical forces on the ribbon are secondary in the transformation
zone, so that the primary considerations are the across-the-ribbon shape and the across-the-ribbon temperature distri-
bution.
[0041] The simplest case (Case 1) is where the across-the-ribbon shape in the transformation zone is substantially
flat and the across-the-ribbon temperature distribution in that zone is also substantially flat (i.e., substantially uniform).
There being substantially no stress in the glass in this zone (see above), cooling the substantially flat temperature
distribution to room temperature will, at least to a first approximation, generate substantially no in-plane stress in the
glass (all parts of the glass will contract substantially equally upon cooling), and thus the shape at room temperature
will, again to a first approximation, be substantially the same as in the transformation zone, namely, the shape will be
substantially flat. (Note that because there is substantially no in-plane stress at room temperature, the shape will be
substantially flat both under non-gravity conditions and under gravity conditions when the glass is supported by a flat
surface.) A substantially flat shape, of course, means substantially no stress generation upon flattening, which means
substantially no distortion of sub-pieces cut from a substrate, as is desired.
[0042] A substantially flat across-the-ribbon temperature distribution is a specific example of the more general case
of a uniform across-the-ribbon temperature gradient (i.e., it is a uniform across-the-ribbon temperature gradient with
zero slope). A uniform across-the-ribbon temperature gradient is, in turn, an example of the general case of a temperature
distribution which produces a uniform across-the-ribbon thermal strain gradient. In particular, it is the temperature dis-
tribution that produces a uniform thermal strain gradient for a constant coefficient of thermal expansion (CTE). However,
if the CTE is not constant, as is typically the case in the transformation zone, then an across-the-ribbon temperature
gradient that is non-uniform is needed to achieve a uniform across-the-ribbon thermal strain gradient. See, for example,
Boley, B.A., and Weiner, J. H., Theory of Thermal Stresses, Dover Publications, Mineola, New York, 1960, pages
272-277. In general, the combination of a substantially flat across-the-ribbon shape and a temperature distribution that
produces a uniform across-the-ribbon thermal strain gradient produces, to a first approximation, a substantially flat shape
at room temperature, the case of a flat across-the-ribbon temperature distribution being a specific example of this
combination.
[0043] The next simplest case (Case 2) is a substantially flat across-the-ribbon temperature distribution in the trans-
formation zone, but a non-flat across-the-ribbon shape in that zone. A non-flat shape in the transformation zone can
result from the sheet having a non-flat shape in regions beyond the transformation zone where the glass is cooler and
thus elastic. Such a non-flat shape in those cooler regions is, in effect, translated back to the transformation zone and
imposed upon the glass in that zone as the glass undergoes its transformation from a visco-elastic material to an elastic
material. As a result of this transformation, the imposed shape becomes "frozen" into the glass.
[0044] A variety of sources can cause the elastic portion of the ribbon to have a non-flat shape. First, a variety of
mechanical forces act on the elastic portion of the ribbon, including forces associated with the drawing of the ribbon,
e.g., forces imposed by pulling rolls, and forces associated with cutting substrates from the ribbon. Such forces can
produce both long term shapes in the ribbon and shapes of short duration (e.g., shapes due to temporary vibrations in
the ribbon). Commonly-assigned U.S. Patent Application No. 11/124,435, entitled "Ultrasonic Induced Crack Propagation
in a Brittle Material", which was filed on May 6, 2005 in the name of L. Ukrainczyk, commonly-assigned U.S. Patent
Application No. 11/131,125, entitled "Method and Apparatus for Separating a Pane of Brittle Material From a Moving
Ribbon of the Material", which was filed on May 17, 2005 in the names of J. Cox, M. Joseph, and K. Morgan, and
commonly-assigned U.S. Patent Application No. 11/150,747, entitled "Selective Contact with a Continuously Moving
Ribbon of Brittle Material to Dampen or Reduce Propagation or Migration of Vibrations Along the Ribbon", which was
filed on June 10, 2005 in the name of J. S. Abbott III, discuss various mechanical systems that can play a role in
determining the shape of the elastic portion of the ribbon and thus its shape in the transformation zone.
[0045] Second, although the across-the-ribbon temperature distribution may be substantially flat in the transformation
zone and will be flat at room temperature, the distribution may be non-flat in between, and such a non-uniform across-
the-ribbon temperature distribution will produce in-plane stresses in the elastic ribbon which can cause it to assume a
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non-flat shape. Depending on the overall structure of the system, such a non-flat shape can be fed back to the trans-
formation zone and become frozen into the glass.
[0046] Third, the temperature distribution down the ribbon can generate local tension and compression zones in the
ribbon which again can cause the ribbon to adopt a shape which can be fed back into the transformation zone. Indeed,
as discussed in commonly-assigned PCT Patent Application No. PCT/US2004/039820, filed November 29, 2004 and
entitled "Method of Fabricating Low-Warp Flat Glass," , a down the ribbon temperature distribution can be effectively
used to purposely produce tension zones in the GTTR to address the problem of curtain warp. Also, commonly-assigned
U.S. Patent Application No. 11/233,565, entitled "Methods of Fabricating Flat Glass with Low Levels of Warp", which
was filed on September 22, 2005 in the names of C. Shay, R. Novak, and J. Blevins, discusses methods and apparatus
for addressing the problem of a sinusoidal-type warp ("S-warp") which appears in glass ribbons as a result of across-
the-ribbon temperature distributions which cause the edges of the ribbon to be under compression and thus buckle
(warp), with the resulting pattern becoming frozen into the ribbon at the transformation zone.
[0047] In considering the sources of a non-flat shape, it should be noted that the shape of the ribbon in the transformation
zone tends to change over a sheet production cycle, i.e., between the cutting of one sheet from the ribbon and the cutting
of the next sheet. These shape changes result from a variety of sources, including the actual cutting of the sheet which
tends to produce buckling and/or vibrations which travel through the elastic ribbon into the transformation zone. Other
factors that can induce shape changes in the elastic zone which change with time during a sheet production cycle include:
(1) the varying tension in the ribbon resulting from the varying length and thus varying suspended weight of the ribbon
as it grows in length to produce a full sheet and (2) thermal gradients which interact with the growing ribbon and thus
produce time-varying changes in the shape of the ribbon, including the shape in the transformation zone.
[0048] Whatever its source, a non-flat shape in the transformation zone in combination with a substantially flat across-
the-ribbon temperature distribution in that zone means that a substrate cut from the ribbon will have a non-flat shape at
room temperature. To a first approximation, that shape will resemble the across-the-ribbon shape in the transformation
zone, although in practice, due to the complexities of the glass manufacturing process, including the cooling of the ribbon
which occurs throughout the length of the transformation zone, the room temperature shape will differ from that in the
transformation zone. If the room temperature shape is not a developable shape, the substrate will exhibit in-plane shape
changes when flattened. Similarly, sub-pieces cut from the substrate will, in general, exhibit distortion.
[0049] As in Case 1, the above considerations also apply to the more general case of a temperature distribution that
produces a uniform across-the-ribbon thermal strain gradient, the flat temperature distribution, as discussed above,
being just one specific example of the general case.
[0050] In the next more complex case (Case 3), the ribbon has a substantially flat across-the-ribbon shape in the
transformation zone while the across-the-ribbon temperature distribution is non-flat and also is not a temperature dis-
tribution that produces a uniform across-the-ribbon thermal strain gradient. In this case, as the ribbon cools, stresses
and thus strains will develop in the ribbon which, since the ribbon is thin, will result in buckling. Thus, at room temperature,
a substrate cut from the ribbon will not have the substantially flat across-the-ribbon shape which existed in the transfor-
mation zone, but will have a non-flat shape. That non-flat shape can be expected to be a non-developable shape.
Accordingly, when the substrate is flattened, it will exhibit in-plane stresses and the resulting strains which will manifest
themselves as in-plane shape changes. Likewise, sub-pieces cut from the substrate will, in general, exhibit distortion.
[0051] Similarly, in the final, most complex case (Case 4), where the ribbon has both a non-flat across-the-ribbon
shape and an across-the-ribbon temperature distribution that is non-flat and also is not a temperature distribution that
produces a uniform across-the-ribbon thermal strain gradient, at room temperature, a substrate cut from the ribbon will,
in general, have a non-flat shape and thus, when flattened, will exhibit in-plane stress and the resulting strain and in-
plane shape change. Again, sub-pieces cut from the substrate will, in general, exhibit distortion. The non-flat shape at
room temperature will be different from the non-flat shape at the transformation zone due to the thermal stresses
generated in the glass as the across-the-ribbon temperature distribution in the transformation zone becomes the flat
temperature distribution at room temperature. That is, different across-the-ribbon locations will shrink more or less than
neighboring locations, thus producing stresses, which will lead to buckling which will change the shape of the glass from
that which existed in the transformation zone.
[0052] To summarize, the manufacturing process for producing glass substrates can be viewed as progressing from
one state that is substantially free of long range, stress (that of the transformation zone) to another state that is substantially
free of long range, stress (that of the substrate or sub-piece at room temperature), with the substantially long range,
stress-free state at room temperature being a consequence of the thinness of the glass which allows long range stress
to be relieved by buckling. Such buckling, however, means that when flattened, the substrate will develop in-plane stress
and therefore exhibit strain and thus in-plane shape changes when flattened. Similarly, sub-pieces cut from the substrate
will, in general, exhibit undesirable distortion.
[0053] The preceding discussions of sections V(A), V(B), and V(C) of this specification set forth what is currently
believed to be at least some of the mechanisms involved in producing distortion in sub-pieces cut from a substrate.
However, because of the complexity of the glass manufacturing process, some or all of these mechanisms may not be
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operable in a particular manufacturing process, and other mechanisms may play significant roles. The above discussions,
however, are believed to facilitate the understanding of the distortion problem, as well as the role the present invention
plays in addressing this problem. By presenting these discussions, applicants do not intend to be bound by any particular
theory of operation of the present invention. In particular, the claims appended hereto are not to be so limited.

(D) Combinations of Across-the-Ribbon Temperature Distribution(s) and Across-the-Ribbon Shape(s) That Control Dis-
tortion

[0054] As discussed above, in accordance with certain of its aspects, the present invention relates to continuous glass
manufacturing processes in which (1) a glass ribbon is produced and (2) an across-the-ribbon temperature distribution
is matched with an across-the-ribbon shape in a region of the ribbon where the glass is passing through its setting zone
temperature range (SZTR) so as to produce glass sheets (glass substrates) which exhibit controlled levels of distortion
when cut into sub-pieces. Specifically, the across-the-ribbon temperature distribution and the across-the-ribbon shape
are matched so that flattening of the sub-pieces produces distortion levels that are preferably less than 2 microns.

(1) Distortion and Surrogates for Distortion

[0055] Whether a sub-piece of a glass sheet exhibits a low level of distortion can be determined directly by, for example,
examining the shape of the sub-piece under vacuumed flat conditions. In many cases, however, it will be more convenient
to use one or more surrogates for distortion.
[0056] For example, the three-dimensional shape of a glass sheet or sub-piece in a gravity-free or substantially gravity-
free environment can be used as a surrogate for distortion. Such a three-dimensional shape can, for example, be
determined using the procedures of commonly-assigned U.S. Patent Application No. 11/192,381, entitled "Process and
Apparatus for Measuring the Shape of an Article", which was filed on July 27, 2005 in the names of B. Strines, N.
Venkataraman, D. Goforth, M. Murtagh, and J. Lapp. Alternatively, the three-dimensional shape of the sheet or sub-
piece under gravity conditions, e.g., when placed on a flat surface but not vacuumed onto the surface, can be used as
a surrogate for distortion, although in many cases, due to the thinness of the glass sheet, the three-dimensional shape
under gravity conditions may be essentially flat and thus difficult to measure accurately.
[0057] In general terms, the greater the deviation of such measured three-dimensional shapes from a plane, the greater
will be the level of distortion exhibited by sub-pieces cut from a substrate. Rather than comparing a sheet’s three-
dimensional shape to a plane, changes in the sheet’s shape upon vacuum flattening can be used as a surrogate for
distortion, i.e., in-plane shape changes can be used as a surrogate for distortion. If desired, calculations can be made
of predicted levels of distortion from a three-dimensional shape determination under either gravity or non-gravity condi-
tions or from in-plane shape changes, although such calculations are not, in general, needed in the practice of the
invention.
[0058] Stress measurements at one or more locations on the glass sheet or sub-piece, e.g., stress measurements
made using a birefringence technique, can also be used as a surrogate for distortion. Such measurements will typically
be made while the sheet or sub-piece is being vacuumed against a flat surface, although the measurements can also
be made in the absence of vacuum. Measurements can be made at locations distributed over the entire two-dimensional
surface of the sheet or sub-piece, or at just a limited number of locations, e.g., along one or more of the sheet’s or sub-
piece’s edges, and/or at predetermined reference locations. Stress measurements along, or in the vicinity of, the cut
lines that will be used to divide a sheet into sub-pieces may often be an effective surrogate for the distortion which sub-
pieces will exhibit. When measurements are made at a plurality of locations on a sheet or sub-piece, it may in some
cases be useful to filter the data to remove components with high spatial frequencies, which are less likely to be relevant
as a surrogate for distortion (see the discussion of spatial frequencies in Section V(B) above). As with shape measure-
ments, if desired, calculations can be made of predicted levels of distortion from stress measurements, although again,
such calculations are not needed to practice the invention.
[0059] As a general guideline, a glass sheet will exhibit a low level of distortion when cut into sub-pieces (i.e., a
maximum distortion of 2 microns for the sub-pieces) if the magnitude of the maximum edge stress level exhibited by the
sheet when vacuumed onto a flat plane is less than or equal to 125 pounds per square inch (psi) (preferably, less than
or equal to 100 pounds per square inch, most preferably, less than or equal to 50 pounds per square inch) for a sheet
having an area greater than or equal to 0.25 square meters. In general, as sheet size increases, the magnitude of the
maximum edge stress level needs to decrease to achieve the same level of distortion.

(2) Drawing Processes for Producing Glass Sheets

[0060] FIG. 1 illustrates a representative application of the invention to a glass drawing process of the fusion downdraw
type. As shown in this figure, a typical fusion apparatus includes a forming structure (isopipe) 37, which receives molten
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glass (not shown) in a cavity 39. The root of the isopipe is shown at 41, and the ribbon of glass 15, after leaving the root,
traverses edge rollers 27a, 27b. The root 41 of the isopipe 37 refers to the position where molten glass from both outer
sides of isopipe 37 join together.
[0061] After passing the edge rollers 27a, 27b, the glass ribbon is engaged by pulling rolls 29 which draw the ribbon
away from the isopipe. After sufficient cooling, individual glass sheets 13 are separated from the ribbon using, for example,
a scoring wheel and a traveling anvil (not shown) to form a score line 35 across the width of the ribbon.
[0062] As fusion apparatus is known in the art, details are omitted so as to not obscure the description of the example
embodiments. It is noted, however, that other types of glass fabrication apparatus (e.g., float apparatus) may be used
in conjunction with the invention. Such apparatus is within the purview of the artisan of ordinary skill in glass manufacture.
[0063] In a fusion or other type of glass manufacturing apparatus, as glass ribbon 15 travels through the apparatus,
the glass experiences intricate structural changes, not only in physical dimensions but also on a molecular level. The
change from a supple approximately 50 millimeter thick liquid form at, for example, the root of an isopipe to a stiff glass
sheet of approximately a half millimeter of thickness is achieved by controlled cooling of the ribbon as it moves through
the machine.
[0064] Illustratively, the glass of the example embodiments is flat glass having a thickness on the order of approximately
0.1 to 2.0 mm. The glass may be used in glass displays such as those referenced above, or in other applications where
thin glass sheets are beneficial. As representative examples, the glass may be Corning Incorporated’s Code 1737 or
Code Eagle 2000 glass, or glasses for display applications produced by other manufacturers.

(3) The SZTR

[0065] In terms of the present invention, the critical portion of the glass manufacturing process takes place in the glass’
SZTR, shown schematically for the representative fusion process of FIG. 1 by the reference number 31. All drawing
processes, including float processes, have a SZTR, but the spacing between the forming apparatus and the SZTR may
be different from that shown schematically in FIG. 1. Likewise, fusion processes may have SZTR’s at longitudinal positions
different from that shown schematically in this figure.
[0066] The SZTR plays a critical role in distortion because of the behavior of the glass both within the SZTR and above
and below the SZTR. At the higher temperatures which exist above the SZTR, glass behaves basically like a liquid: its
response to an applied stress is a strain rate, and any elastic response is essentially undetectable. At the lower temper-
atures which exist below the SZTR, it behaves like a solid: its response to a stress is a finite strain, and any viscous
response is essentially undetectable.
[0067] When glass cools from a high temperature and passes through the SZTR, it does not show an abrupt transition
from liquid-like to solid-like behavior. Instead, the viscosity of the glass gradually increases, and goes through a visco-
elastic regime where both the viscous response and the elastic response are noticeable, and eventually it behaves like
a solid. As a result, there is no single freezing temperature to use in thermal stress/strain/distortion calculations. However,
the use of a temperature range as a basis for controlling distortion, as opposed to a single setting temperature, turns
out to have a number of advantages. Thus, for any single temperature in the SZTR, there will, in general, be a measurable
elastic response above the temperature and a measurable viscous response below it. Thus, employing a single setting
temperature could produce inaccurate results: for example, if the cooling schedule applied to the ribbon involves a
sufficiently long hold time below such a single setting temperature but within the visco-elastic regime, calculations using
the single setting temperature value and/or distortion control based on such a single temperature could be inaccurate.
In addition, having a range of temperatures which can be used to control distortion allows greater flexibility in the glass
manufacturing process, e.g., in the placement of heating and/or cooling equipment to achieve a desired across-the-
ribbon temperature distribution. In accordance with the invention, it has been found that the SZTR for any particular
glass composition can be determined from a knowledge of the glass’ viscosity as a function of temperature, along with
knowledge of (1) the glass drawing rate, (2) the glass cooling rate or, more particularly, an approximation thereto based
on the drawing rate, and (3) the glass’ Young’s modulus at room temperature.
[0068] FIG. 18 shows the model system employed in the analysis used to determine the SZTR. In particular, this figure
shows a glass ribbon below the root of an isopipe. In this figure, 1801 are isotherms. In the analysis, only the part of the
ribbon that is close to the ribbon’s final thickness is considered, i.e., the small region below the root where most of the
thickness attenuation occurs is not included in the analysis. The ribbon is assumed to be flat and to cool at a uniform
rate. Because the portion of the ribbon being analyzed has a substantially uniform thickness, a uniform cooling rate in
time implies a uniform cooling rate with respect to distance below the root. Sheets of glass (substrates) are assumed to
be cut off of the bottom of the ribbon periodically, as the ribbon grows during the drawing process, and the goal of the
analysis is to determine the residual stress in such sheets as a result of an across-the-ribbon temperature distribution.
[0069] Under the above assumptions, if there were no across-the-ribbon temperature variations anywhere in the ribbon,
the resulting sheets of glass would have no residual stress. To determine the location of the SZTR, a small across-the-
ribbon temperature variation ΔT is introduced in a width-wise narrow zone (that is, a zone that is narrow in the across-
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the-ribbon direction). In FIG. 18, this zone is depicted using isothermal contours. The zone has an extent in the draw-
wise direction (that is, in the direction parallel to the main glass flow). In accordance with the analysis, this draw-wise
extent is varied and the resulting changes in residual stress are used to determine the SZTR. In particular, by varying
the draw-wise extent, the zone outside of which an across-the-ribbon ΔT has only a weak effect is determined. The
SZTR is then the complement to this zone, i.e., the SZTR is the region where an across-the-ribbon ΔT has a substantial
effect (i.e., at least a 10% effect) on the residual stress in the glass sheets.
[0070] FIG. 19 shows the temperature in the ribbon as a function of distance below the root. In this figure, "O" means
root. Along line S of FIG. 18, the temperature distribution corresponds to a uniform cooling rate (1901 in FIG. 19). Along
line M of FIG. 18, which passes through the region in which the across-the-ribbon ΔT is imposed, the temperatures
(shown as 1903 in FIG. 19) differ from those along line S. The difference is restricted to a zone between B and E shown
in FIG. 18. The difference starts at B, increases to ΔT (the imposed across-the-ribbon ΔT) at C, stays constant from C
to D, and then drops until it vanishes at E. The distance between B and C, and that between D and E, has to be non-
zero, since the across-the-ribbon ΔT has to build up from zero to its full value (or vice-versa) over a non-zero time interval.
The smaller the across-the-ribbon ΔT, the smaller the distance between B and C, and that between D and E, can be. In
determining the SZTR, we only need to consider across-the-ribbon ΔT’s of small amplitude, so B and C are very close
to each other, as are D and E. (Here, "very close" is a distance that is small in comparison to the distance between C
and D.) Thus, the hotter boundary of the region in which the across-the-ribbon ΔT is applied can be represented by just
B or C, e.g., by C. Likewise, D or E (e.g., D) can be used to represent the cooler boundary of the region.
[0071] In the discussion that follows, the term "ΔT-affected zone" will be used to refer to the portion of the ribbon on
which the across-the-ribbon ΔT is imposed. As shown in FIG. 18, subject to the above assumptions, this zone is between
C and D in the draw-wise direction, and has a small extent about line M in the width-wise direction. Also, the temperature
and viscosity at point C in FIG. 18 will be referred to as TH and ηH, respectively, while those at D will be referred to as
TL and ηL, respectively. The coefficient of thermal expansion (CTE) and Young’s modulus (E) of the glass are taken to
be constant (independent of temperature) in this analysis. An examination of the effects of using a CTE and/or a Young’s
modulus which varies with temperature has shown that such variations can be expected to change the setting zone
temperature range by less than 5% (data not shown). Since the overall accuracy of the model is of the same order of
magnitude, i.e., the model provides SZTR values which are considered accurate to approximately 65%, the above
assumptions are considered to be well justified, especially since they allow the SZTR to be readily calculated using a
conventional fit to viscosity versus temperature data, i.e., a Fulcher fit (see below).
[0072] The net strain (that is, thermal strain + elastic strain + viscous strain) in the ΔT-affected zone and the rest of
the ribbon have to match at any particular vertical location. For ease of reference, the term "mechanical strain" is used
to refer to elastic strain + viscous strain. For the net strain to match, mechanical strain will have to occur, since there is
a thermal strain mismatch between the ΔT-affected region and the rest. There will be mechanical strain in the ΔT-affected
region, as well as in the rest of the ribbon. However, since the ΔT-affected zone is small in the width-wise direction, the
mechanical strain in the rest of the ribbon will be very small, and almost all of the mechanical strain needed to make the
net strains match will occur in the ΔT-affected zone. The mechanical strain εM in the ΔT-affected zone can therefore be
written as (hereinafter referred to as Eq. A): 

[0073] The stress corresponding to the mechanical strain εM must be calculated using a visco-elastic analysis (see,
for example, Findley, W.N., Lai, J.S., Onaran, K., Creep and Relaxation of Nonlinear Viscoelastic Materials, Dover
Publications, Inc., 1989; hereinafter referred to as "Findley et al."). The material model used in the present analysis was
a Maxwell model (see Findley et al. at page 53). That is, under uniaxial tension, the mechanical strain rate (ε) is related
to stress (σ), stress rate (σ), viscosity (η), and Young’s modulus (E) as: 

·
·
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[0074] This Maxwell model captures the main visco-elastic constitutive behaviors of interest. The behaviors it cannot
account for, such as delayed elastic response, are of minor consequence for determining the SZTR.
[0075] As mentioned above, the constitutive behavior described by Eq. B is for uniaxial tension. Since the ΔT-affected
zone in the model system is narrow in the width-wise direction, one will not have uniaxial tension in the ΔT-affected
zone; rather, the strain in the width-wise direction would be constrained to be zero. Under that condition, the 3η term in
Eq. B ought be replaced by 4η. However, when doing stress compensation in an actual glass forming process, long-
scale perturbations in the across-the-ribbon temperature will typically be applied, and in that case, strain in the horizontal
direction will not be completely constrained. It is for this reason that 3η is used in Eq. B. In practice, it has been found
that using 3η or 4η in Eq. B turns out not to be of particular consequence in identifying the SZTR in terms of temperature
since a factor of 4/3 constitutes a representative viscosity change over 5°C in the setting zone. Thus, the uncertainty in
the amount of constraint on width-wise strain can be expected to result in an uncertainty in the setting zone temperature
range of only 5°C. This is within the overall accuracy of approximately 65% of the SZTR determination (see above).
[0076] Using the foregoing equations A and B, residual stress can be calculated as follows. First, the mechanical strain
of ΔT* (tangent CTE) is taken to be suddenly imposed at C, as expressed in Eq. A. Thus, at C, the instantaneous
response is completely elastic, and we have: 

[0077] From C to D, the strain rate is zero for the model system, since mechanical strain is constant per Eq. A.. Thus,
Eq. B is an ordinary differential equation (ODE) from C to D relating the stress rate to stress, since the strain rate is
known (zero). The initial condition is equation Eq. C. This ODE can be solved using standard techniques (see, for
example, Findley et al. for the solution for the constant viscosity case). In the present system, viscosity is a function of
temperature (and of time, given a specified cooling rate), so the ODE was solved in several time steps, using a piece-
wise constant value for the viscosity within each time step. Carrying this solution out up to D gave the value of stress at
D (hereinafter referred to as σD-).
[0078] At D, as at C, according to Eq. A, a sudden mechanical strain of -ΔT*(tangent CTE) is applied. Thus, at D, the
instantaneous response is: 

[0079] From D to F, the strain rate is again zero, so we use Eq. D as the initial condition, and solve Eq. B to obtain
the stress at F. This final stress at F is the change in residual stress ΔσR due to the imposed temperature perturbation ΔT.
[0080] If C, D are specified in terms of the temperatures at those locations, the velocity of the ribbon down the draw
(the "drawing rate") does not explicitly enter the calculations; only the cooling rate does. However, the velocity of the
ribbon down the draw and the cooling rate are related. Thus, if one starts with the velocity (VD) of the ribbon down the
draw (or, more generally, along the draw in the case of an updraw process or a horizontal process, such as a float
process) and knows the distance (L) along the draw between the glass’ softening point (TSP) and its annealing point
(TAP), then a cooling rate (CR) can be determined from the following equation: 

where, as is conventional, TSP is the temperature at which the glass has a viscosity of 106.65 Pa.s and TAP is the
temperature at which the glass has a viscosity of 1012 Pa.s. Although other temperatures besides the softening point
and the annealing point can be used to determine a cooling rate from a drawing rate, for purposes of the present invention,
these are the temperatures that are used.
[0081] The maximum possible change in residual stress for a given across-the-ribbon ΔT will occur if C is at a very
high location (say, above the softening point) and D is at a very low location (say, well below the strain point, at the
bottom of the ribbon). For the case of constant CTE and E consider here, the maximum possible change in residual
stress caused by ΔT is: 

[0082] As will now be shown, using ΔσMAX of Eq. E and the following scaling parameter, the SZTR for a glass can be
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determined based on knowledge of the glass’ viscosity η as a function of temperature: 

[0083] This parameter is related to the relaxation modulus discussed at, for example, pages 81-82 of Findley et al. It
will be referred to hereinafter as the "setting zone parameter" or simply the "SZP".
[0084] FIG. 20 shows the change in residual stress ΔσR, scaled by the maximum possible value ΔσMAX of Eq. E, as
a function of the SZP evaluated at ηH and ηL, where ηH and ηL are the viscosities at C and D, respectively, in FIG. 18.
Note that as long as the CTE is constant, the change in residual stress scaled by the maximum possible change in
residual stress is independent of CTE. In all FIGs. 20, 21 and 22, "CR" represents cooling rate.
[0085] FIG. 20 shows the following:

(1) If the SZP evaluated at ηH is very low (corresponding to a very high TH), and the SZP evaluated at ηL is very
high (corresponding to a very low TL), ΔσR has the maximum possible value, so the applied across-the-ribbon ΔT
has the maximum possible effect.
(2) There is a sizable plateau over which ΔσR has its maximum possible value. That is, if the SZP evaluated at ηH
is very low and the SZP evaluated at ηL is very high, we have some room for increasing the SZP evaluated at ηH
and reducing the SZP evaluated at ηL (i.e., we have some room for decreasing TH and increasing TL) without having
any detrimental effect on the effectiveness of the imposed ΔT in causing a change in residual stress. This is the
essence of the setting zone concept: it is not necessary to impose the across-the-ribbon ΔT over the entire ribbon
in order to cause a desired change in the residual stress. Rather, it is sufficient to apply it over a smaller zone as
long as that zone is chosen properly.
(3) The most effective choice of the SZP evaluated at ηH and the SZP evaluated at ηL is near the corner of the
plateau that is closest to the foreground, since that corner is closest to the SZP(ηH) = SZP(ηL) line, and hence gives
the smallest zone in which the across-the-ribbon ΔT is to be imposed.

[0086] To quantify the SZTR, it is convenient to look at the rectangular, flat-topped hill of FIG. 20 from its two sides,
that is, along directions parallel to the ηL and ηH axes of the SZP. FIGs. 21 and 22, which are views along these directions,
show the following:

(1) From FIG. 21, if the SZP evaluated at ηL is less than 2.7, the change in residual stress is less than 10% of its
maximum possible value, regardless of the value of the SZP evaluated at ηH. If the SZP evaluated at ηL is less than
3.9, the change in residual stress is less than 20% of its maximum possible value, again regardless of the value of
the SZP evaluated at ηH.
(2) From FIG. 22, if the SZP evaluated at ηH is greater than 55.8, the change in residual stress is less than 10% of
its maximum possible value, regardless of the value of the SZP evaluated at ηL. If the SZP evaluated at ηH is greater
than 24.5, the change in residual stress is less than 20% of its maximum possible value, again regardless of the
value of the SZP evaluated at ηL.
(3) Accordingly, an across-the-ribbon ΔT applied at a location where the nominal ribbon temperature (e.g., the
temperature of the glass as measured along its centerline) corresponds to a SZP value outside of the range of 2.7
to 55.8 cannot have an effectiveness of more than 10%. This is because if the across-the-ribbon ΔT is applied at a
location where the SZP is outside of the 2.7 to 55.8 range, then either the SZP evaluated at ηL is less than 2.7 or
the SZP evaluated at ηH is greater than 55.8. In either case, as shown in FIGs. 21 and 22, the effectiveness is less
than 10%.
(4) By the same argument, an across-the-ribbon ΔT applied at a location where the nominal ribbon temperature
corresponds to a SZP value outside of the range of 3.9 to 24.5 cannot have an effectiveness of more than 20%.

[0087] In view of the foregoing, as used herein, the phrase "setting zone temperature range" and the abbreviation
"SZTR" refer to the temperature range for a particular glass and draw rate which corresponds to the ≥10% effectiveness
range described above. Specifically, the SZTR is the range of temperatures which corresponds to viscosities which give
SZP values that satisfy the relationship: 2.7 ≤ SZP ≤ 55.8. This SZP range corresponds to a temperature range of
approximately 60°C for Corning Incorporated Code 1737 and Eagle 2000 LCD glasses.
[0088] Likewise, the phrase "central setting zone temperature range" and the abbreviation "cSZTR" refer to the tem-
perature range for a particular glass and draw rate which corresponds to the ≥20% effectiveness range described above
(i.e., the cSZTR is the range of temperatures which corresponds to viscosities which give SZP values that satisfy the
relationship: 3.8 ≤ SZP ≤ 24.5). In terms of temperatures, this SZP range corresponds to a temperature range of ap-
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proximately 40°C for Corning Incorporated Code 1737 and Eagle 2000 LCD glasses.
[0089] Additionally, the phrase "sweet spot temperature range" and the abbreviation "ssSZTR" is used herein to refer
to the temperature range for a particular glass and draw rate which corresponds to ≥40% effectiveness. Using the same
analysis as described above for the SZTR and the cSZTR, the ssSZTR is the range of temperatures which corresponds
to viscosities which give SZP values that satisfy the relationship: 6.9 ≤ SZP ≤ 11.8. This SZP range corresponds to a
temperature range of approximately 10°C for Corning Incorporated Code 1737 and Eagle 2000 LCD glasses. Finally,
the phrase "most sensitive setting zone temperature range" and the abbreviation "msSZTR" refer to the temperature
range for a particular glass and draw rate for which the residual stress as determined above is most sensitive to an
across-the-ribbon ΔT. The msSZTR corresponds to SZP values that satisfy the relationship: 8.3 ≤ SZP ≤ 8.9. This SZP
range corresponds to a temperature range of 5°C or less for Corning Incorporated Code 1737 and Eagle 2000 LCD
glasses.
[0090] The Young’s modulus value used in determining the SZTR, cSZTR, ssSZTR, and msSZTR is the glass’ room
temperature Young’s modulus determined using ASTM C623-92 (2000), while the viscosity versus temperature expres-
sion is that obtained by measuring the glass’ viscosity using ASTM C1350M-96 (2003) at a set of temperatures and then
fitting the resulting values to the following expression (the Fulcher equation) to obtain values for A, B, and T0: 

where T0 is in Celsius.
[0091] The set of temperatures used for the Fulcher fit preferably includes temperatures within the SZTR. In practice,
a trial SZTR can be determined using a Fulcher fit based on a first set of temperatures and, if needed, additional viscosity
measurements can be made at additional temperatures and then used to determined a revised set of Fulcher coefficients,
from which a final SZTR can be calculated. If necessary, this process can be repeated as needed to obtain a Fulcher
fit appropriate for the temperature range of the SZTR.
[0092] As discussed above, the cooling rate (CR) used in determining the SZTR, cSZTR, ssSZTR, and msSZTR is
obtained from the velocity of the ribbon down the draw (the drawing rate) and the distance along the draw between the
glass’ softening point and its annealing point.

(4) Determining Across-the-Ribbon Shapes

[0093] In accordance with certain embodiments of the invention, an across-the-ribbon shape is determined at one or
more longitudinal positions in the SZTR and then an across-the-ribbon temperature distribution is applied to the ribbon
at those one or more longitudinal positions (or at other longitudinal positions along the length of the ribbon) to control
the distortion upon cutting into sub-pieces exhibited by glass sheets obtained from the ribbon.
[0094] The across-the-ribbon shape at the one or more longitudinal positions can be determined directly by observing
the ribbon’s shape as it is being drawn. Alternatively, across-the-ribbon shapes at the one or more longitudinal positions
can be determined using stress and/or shape measurements made on one or more glass sheets obtained from the glass
ribbon, in combination with a computer modeling program which can work "backwards" from such measurements to a
determination of the across-the-ribbon shape(s) at the one or more longitudinal positions. As another alternative, a series
of across-the-ribbon shapes can be assumed, a stress distribution and/or a shape for a glass sheet cut from the ribbon
can be predicted for each of the assumed across-the-ribbon shapes (the "forward" calculations), and then a specific
across-the-ribbon shape can be selected from the series (i.e., determined) based on the across-the-ribbon shape of the
series which most closely predicts stress and/or shape measurements obtained for individual sheets. Combinations of
these approaches can be used if desired. Appendix A sets forth representative equations which can be used in such
computer modeling. As discussed therein, such equations can be solved using, for example, the commercially-available
ANSYS software.
[0095] Examples of the types of measurements that can be made on glass sheets to produce data for the "backwards"
and/or "forward" calculations include: the gravity free or substantially gravity-free shape of the sheet, the non-gravity
free shape of the sheet (e.g., a measured shape on a flat table, although in many cases, most of the shape will be
flattened out under the weight of the glass so that accurate shape determinations are likely to be difficult), vacuumed
edge stress values, vacuumed stress values for locations distributed over the entire surface of the sheet, vacuumed
stress values at expected cut lines and/or at locations on lines close to and parallel to expected cut-lines, e.g., a few
millimeters (e.g., 5 millimeters) from a cut line, and/or distortion resulting from localized cuts, e.g., cuts along expected
cut lines. "Expected cut lines" are, for example, those lines which a display manufacturer is expected to use in dividing
sheets into sub-pieces. It should be noted that for relatively smooth measured data, e.g., data filtered to remove high
spatial frequency components, the "backwards" and "forward" calculations are generally well-behaved, i.e., the calculated
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across-the-ribbon shape and/or the calculated stress distribution and/or shape for individual sheets are unique or sub-
stantially unique in that there is only a small family of possible solutions.
[0096] In accordance with the invention, "determining" the across-the-ribbon shape(s) at the one or more longitudinal
positions in the SZTR is not limited to observing or modeling such shape(s) (hereinafter referred to as "passive deter-
mining"), but includes actively adjusting (controlling) such shape(s) (hereinafter referred to as "active determining"). For
example, the apparatus and methods disclosed in the commonly-assigned patent applications referred to above in
Section V(C) can be used to purposely affect the shape of the ribbon in the SZTR. "Determining" across-the-ribbon
shape(s) at the one or more longitudinal positions in accordance with the present invention includes using these or other
techniques now known or subsequently developed in the art to obtain across-the-ribbon shapes at one or more longitudinal
positions in the SZTR. "Determining" also includes combinations of observing, modeling, and/or controlling the across-
the-ribbon shape(s) at the one or more longitudinal positions in the SZTR.
[0097] An additional factor that can be considered in determining across-the-ribbon shape(s) (either active or passive)
is the changes in the shape of the ribbon that take place between the cutting of successive glass sheets from a glass
ribbon, including the changes in shape(s) at the one or more longitudinal positions in the SZTR. Such temporal changes
in shape can be observed during the operation of the drawing process and/or can be calculated using computer modeling.
The temporal changes can be used to select one or more across-the-ribbon temperature distributions at one or more
longitudinal positions that are particularly well-suited to control the distortion of glass sheets cut from the ribbon. For
example, the temporal changes in shape can be used to identify one or more shapes at one or more longitudinal positions
along the ribbon that lead to particularly high levels of distortion and then one or more across-the-ribbon temperature
distributions can be chosen to specifically address the thus identified offending shape(s).

(5) Matching Across-the-Ribbon Temperature Distribution(s) to Across-the-Ribbon Shape(s)

[0098] Once the across-the-ribbon shape(s) have been actively and/or passively determined at one or more longitudinal
positions in the SZTR, an across-the-ribbon temperature distribution is purposely applied at at least one longitudinal
position, which is in the SZTR, in order to produce glass sheets with controlled levels of distortion. In general terms, the
types of temperature distributions which will typically be applied can be understood in terms of Cases 1 through 4 of
Section V(C) above.
[0099] Thus, if the across-the-ribbon shape(s) at the longitudinal position(s) of interest is actively and/or passively
determined to be substantially flat, then in accordance with Case 1 of Section V(C) above, the across-the-ribbon tem-
perature distribution at that longitudinal position(s) (or at, for example, neighboring longitudinal positions) can, for ex-
ample, be adjusted to produce a substantially uniform across-the-ribbon thermal strain gradient, e.g., in the case of a
constant CTE, the temperature distribution can have a substantially uniform across-the-ribbon gradient, which, in the
simplest case, can be a substantially flat across-the-ribbon temperature distribution.
[0100] In the next more complicated case -- Case 2 -- the across-the-ribbon shape at the longitudinal position(s) is
determined not to be substantially flat, and the question becomes whether an across-the-ribbon temperature distribution
like that used in Case 1 can be used. That is, the question becomes whether a substantially flat temperature distribution
can be used or, more generally, whether a temperature distribution that produces a substantially uniform across-the-
ribbon thermal strain gradient can be used with a non-flat across-the-ribbon shape.
[0101] In general, for a non-flat across-the-ribbon shape, the Case 1 temperature distributions will not produce low
distortion glass sheets, i.e., glass sheets whose sub-pieces exhibit low distortion. However, if the non-flat, across-the-
ribbon shape is substantially a developable shape, e.g., a cylindrical shape, then it may be possible to use the Case 1
temperature distributions. Thus, if the across-the-ribbon shape at the longitudinal position(s) is determined (actively
and/or passively) to be substantially a developable shape, then the across-the-ribbon temperature distribution can be
adjusted to be flat, or more generally, to be a distribution which produces a substantially uniform across-the-ribbon
thermal strain gradient.
[0102] In Case 3, the ribbon is determined to have a substantially flat across-the-ribbon shape at the one or more
longitudinal position(s), and the question becomes whether an across-the-ribbon temperature distribution that is non-
flat can be used, or, more generally, whether a temperature distribution that does not produce a uniform across-the-
ribbon thermal strain gradient can be used. Again, the answer involves developable versus non-developable shapes,
but in this case, the relevant shapes are those after cooling of the ribbon.
[0103] Thus, if the removal of the temperature distribution at the longitudinal position(s) through cooling to room
temperature results in substantially a developable shape, then such a temperature distribution can be used. However,
if the cooling results in substantially a non-developable shape, then such a distribution can be expected to produce
unacceptably high levels of distortion and should not be used.
[0104] The final case -- Case 4 -- is the most general case, where the across-the-ribbon shape at the longitudinal
position(s) is determined to be non-flat and the question is whether an applied across-the-ribbon temperature distribution
that is non-flat and also is not a temperature distribution that produces a uniform across-the-ribbon thermal strain gradient
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should be used. Assuming the non-flat shape is a non-developable shape (compare Case 2 above), such a distribution
should be used and indeed, in general, will be needed. The particular across-the-ribbon temperature distributions that
can be used can be determined in a number of ways. For example, modeling software, such as that discussed in Appendix
A, can be used to determine a temperature distribution at one or more longitudinal position(s) that will produce thermal
stresses upon cooling that will cancel or substantially cancel the non-flat shape at the longitudinal position(s). Alternatively,
an iterative procedure can be used, with or without the use of modeling, to determine a thermal distribution which
appropriately matches the non-flat shape.
[0105] As the above discussion of Cases 1 through 4 illustrate, in selecting across-the-ribbon temperature distributions
for the one or more longitudinal positions, one needs to consider whether the shape at the longitudinal position(s) is a
developable or non-developable shape, and also needs to consider whether the shape of the resulting glass sheet (glass
substrate) is a developable or non-developable shape.
[0106] In terms of distortion, both glass sheets that are substantially flat and those whose shape is substantially a
developable shape will, in general, produce sub-pieces which exhibit low levels of distortion. Between the two shapes,
the substantially flat sheet will often be preferred. However, in some cases, it may be desirable to produce glass sheets
with a developable shape.
[0107] For example, such a shape may facilitate active determination of the across-the-ribbon shape in the SZTR,
e.g., it may be easier with particular manufacturing equipment to produce an across-the-ribbon shape in the SZTR that
results in a developable shape in glass sheets produced from the ribbon than in a flat shape. Glass sheets which have
a developable shape, rather than being flat, may also facilitate shipping of such sheets to display manufacturers and/or
handling of the sheets by such manufacturers.
[0108] In selecting an across-the-ribbon temperature distribution to match an across-the-ribbon shape, it may in some
cases be helpful to decompose the across-the-ribbon shape into components (hereinafter referred to as "shape com-
ponents") and then use, at least as a starting point, an across-the-ribbon temperature distribution that is the sum of the
temperature distributions that would be appropriate for the individual shape components. For example, the across-the-
ribbon shape may be decomposable into a developable shape component and a non-developable shape component,
in which case, if desired, a temperature distribution can be used which only compensates for the non-developable shape
component.
[0109] More generally, if the across-the-ribbon shape is decomposed into multiple non-developable shape components
(with or without a developable shape component), then temperature distributions which compensate for each of the
shape components can be combined, e.g., with weighting, to produce an overall across-the-ribbon temperature distri-
bution which is appropriate for the overall across-the-ribbon shape. If desired, a library (look up table) of combinations
of across-the-ribbon shape components and compensating temperature distributions can be prepared and used in real
time to compensate for observed changes in the across-the-ribbon shape(s) at the one or more longitudinal position(s).
For example, an across-the-ribbon shape can be passively determined at various points in time (or continuously),
decomposed into shape components, and then, using the library, an across-the-ribbon temperature distribution can be
changed to compensate for any observed changes in the weighting of any previously observed shape components or
the addition of any new shape components. The library (look up table) can be a general purpose library or one that is
customized for a particular glass manufacturing line based on historical information regarding the effects of particular
across-the-ribbon temperature distributions in compensating for particular across-the-ribbon shape components. Similar
approaches can be used in cases where across-the-ribbon temperature distributions are selected based on measure-
ments performed on glass sheets cut from the ribbon and/or on sub-pieces cut from those sheets.
[0110] As a representative example, an across-the-ribbon shape F(x), e.g., the deviations of the shape from a plane,
can be decomposed into its Fourier components, e.g., F(x) can be written: 

or in complex notation: 

where An, Bn, and Cn are Fourier coefficients, "w" is the across-the-ribbon width, and "i" is sqrt(-1). An across-the-ribbon
temperature distribution can then be associated with at least the An’s and Bn’s (or Cn’s) corresponding to lower spatial
frequencies. The An’s and Bn’s (or Cn’s) determined for any particular across-the-ribbon shape can then be used to
select weighted across-the-ribbon temperature distributions which will compensate for the particular across-the-ribbon
shape.



EP 2 064 157 B1

17

5

10

15

20

25

30

35

40

45

50

55

[0111] In the case of measurements performed on glass sheets cut from the ribbon and/or on sub-pieces cut from
those sheets, a two dimensional deconvolution can be used. For example, the measurement M(x,y) (e.g., stress, shape,
etc.) can be decomposed into its two-dimensional Fourier components, e.g., M(x,y) can be written: 

or in complex notation: 

where Anm, Bnm, Cnm, Dnm, and Enm are Fourier coefficients, "w" is the width of the sheet or sub-piece, and "h" is the
height of the sheet or sub-piece. Again, in this case, the coefficients determined for any particular measurement can be
used to determine an appropriate across-the-ribbon temperature distribution that will result in a desired level of distortion
control.
[0112] In addition to decomposing an across-the-ribbon shape into its shape components, across-the-ribbon shapes
can also be filtered to remove higher spatial frequencies. As discussed above, the spatial frequencies that are important
for distortion are generally those having a spatial period longer than about one-quarter the width of the glass sheet, e.g.,
250 millimeters for a 1 meter wide sheet. Accordingly, to facilitate selection of across-the-ribbon temperature distribu-
tion(s), the across-the-ribbon shape data is preferably filtered to remove the less relevant spatial frequencies. If decom-
position of a shape into shape components is to be performed, such spatial frequency filtering is preferably performed
before the decomposition, although it can be performed afterwards if desired. Filtering can also be used in cases where
across-the-ribbon temperature distributions are selected based on measurements performed on glass sheets cut from
the ribbon and/or on sub-pieces cut from those sheets. Again, the filtering can be performed with or without decomposition
of the measurement into components and, if decomposition is performed, the filtering preferably precedes the decom-
position.
[0113] If desired, filtering and spatial decomposition can be performed simultaneously by, for example, performing a
decomposition into one or more long range components (lower spatial frequency components) and one or more short
range components (higher spatial frequency components). Example 3 below follows this approach.
[0114] In certain preferred embodiments, the invention can be practiced by an iterative process which comprises the
following steps:

(a) producing at least one sheet of glass under a set of operating conditions that comprises target temperature
values for at least one longitudinal position along the length of the ribbon where the glass is passing through the
SZTR, said target temperature values being at locations that are distributed across the width of the ribbon (the
"across-the-ribbon locations");
(b) measuring one or more of the following for the at least one sheet produced under said set of operating conditions:

(i) stress values at a plurality of spatially-separated locations on the sheet and/or on one or more sub-pieces
cut from the sheet while the sheet and/or the sub-pieces are vacuumed onto a plane surface (the "stress values"),
(ii) deviation-from-a-flat-plane values of the sheet and/or of one or more sub-pieces cut from the sheet under
gravity-free or substantially gravity-free conditions (the "gravity-free deviation-from-a-flat-plane values"),
(iii) deviation-from-a-flat-plane values of the sheet and/or of one or more sub-pieces cut from the sheet under
gravity conditions (the "gravity deviation-from-a-flat-plane values"), and
(iv) in-plane shape change values for the sheet and/or distortion values for one or more sub-pieces cut from
the sheet (the "shape change/distortion values");

(c) comparing the measured values of step (b) with one or more distortion criteria and/or one or more surrogate
distortion criteria;
(d) determining revised target temperature values for across-the-ribbon locations at at least one longitudinal position
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along the length of the ribbon where the glass is passing through the SZTR using:

(i) the comparison with the one or more distortion criteria and/or the one or more surrogate distortion criteria, and
(ii) a computer model that is capable of relating changes in an across-the-ribbon thermal distribution to changes
in predicted stresses and/or strains in the glass ribbon and/or in a glass sheet cut from the ribbon (e.g., a
computer model of the type discussed in Appendix A);

(e) producing at least one sheet of glass using the revised target temperature values determined in step (d);
(f) measuring one or more of the following for the at least one sheet produced in step (e): (i) stress values, (ii) gravity-
free deviation-from-a-plane values, (iii) gravity deviation-from-a-plane values, and (iv) shape change/distortion val-
ues; and
(g) comparing the measured values of step (f) with the one or more distortion criteria and/or the one or more surrogate
distortion criteria, and, if necessary, repeating steps (d) through (f), one or more times, using the same at least one
longitudinal position and/or at least one different longitudinal position along the length of the ribbon. Preferably,
steps (d) through (f) are repeated until at least one longitudinal position and target temperature values for said
position are determined which produce measured values which satisfy the one or more distortion criteria and/or the
one or more surrogate distortion criteria.

[0115] If desired, target temperature values can be specified at a plurality of longitudinal positions in the SZTR. In
such a case, in step (d), the revised target values can be for just one of the plurality of longitudinal positions or for more
than one longitudinal position, e.g., target values for all of the longitudinal positions can be changed. Also, as the iteration
proceeds, more or less longitudinal positions can be varied as needed. For example, certain longitudinal positions may
be found important at the beginning of the iterative process, with other longitudinal positions being more important for
fine tuning, once the general area of the target temperature values has been found. Similarly, for a given longitudinal
position, certain across-the-ribbon target value locations may be changed earlier in the iteration process, with others
being changed later, and some being held constant throughout the process. The positions/locations to change at any
particular iteration can be readily determined by persons skilled in the art from the present disclosure in combination
with the predicted stress/strain values obtained from the computer modeling of step (d).
[0116] The gravity-free deviation-from-a-flat-plane values can, for example, be measured by suspending a sheet in a
fluid having a density substantially the same as that of the glass. See commonly-assigned U.S. Patent Application No.
11/192,381, entitled "Process and Apparatus for Measuring the Shape of an Article", referred to above. Distortion values
can, for example, be measured by placing marks on a glass sheet under vacuum conditions before cutting and observing
where the marks move after cutting, again under vacuum conditions.
[0117] In other preferred embodiments, the invention can be practiced by an iterative process which does not neces-
sarily employ a computer model, although it can use such a model if desired. In these embodiments, the practice of the
invention comprises:

(a) determining a setting zone temperature range (SZTR) for the glass for the drawing rate of the glass ribbon;
(b) producing at least one sheet of glass under a set of operating conditions that comprises target temperature
values for at least one longitudinal position along the length of the ribbon where the glass is passing through the
SZTR, said target temperature values being at locations that are distributed across the width of the ribbon (the
"across-the-ribbon locations");
(c) measuring one or more of the following for the at least one sheet produced under said set of operating conditions:

(i) stress values at a plurality of spatially-separated locations on the sheet and/or on one or more sub-pieces
cut from the sheet while the sheet and/or the sub-pieces are vacuumed onto a plane surface (the "stress values"),
(ii) deviation-from-a-flat-plane values of the sheet and/or of one or more sub-pieces cut from the sheet under
gravity-free or substantially gravity-free conditions (the "gravity-free deviation-from-a-flat-plane values"),
(iii) deviation-from-a-flat-plane values of the sheet and/or of one or more sub-pieces cut from the sheet under
gravity conditions (the "gravity deviation-from-a-flat-plane values"), and
(iv) in-plane shape change values for the sheet and/or distortion values for one or more sub-pieces cut from
the sheet (the "shape change/distortion values");

(d) comparing the measured values of step (c) with one or more distortion criteria and/or one or more surrogate
distortion criteria;
(e) determining revised target temperature values for across-the-ribbon locations at at least one longitudinal position
along the length of the ribbon where the glass is passing through the SZTR using the comparison with the one or
more distortion criteria and/or the one or more surrogate distortion criteria;
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(f) producing at least one sheet of glass using the revised target temperature values determined in step (e);
(g) measuring one or more of the following for the at least one sheet produced in step (f): (i) stress values, (ii) gravity-
free deviation-from-a-plane values, (iii) gravity deviation-from-a-plane values, and (iv) shape change/distortion val-
ues; and
(h) comparing the measured values of step (g) with the one or more distortion criteria and/or the one or more
surrogate distortion criteria, and, if necessary, repeating steps (e) through (g), one or more times, using the same
at least one longitudinal position and/or at least one different longitudinal position along the length of the ribbon.
Preferably, steps (e) through (g) are repeated until at least one longitudinal position and target temperature values
for said position are determined which produce measured values which satisfy the one or more distortion criteria
and/or the one or more surrogate distortion criteria.

[0118] Combinations of the foregoing iterative approaches can be used if desired. As just one example, the computer
modeling approach can be used during, for example, process investigations, process start-up, and/or process changes,
and a non-computer modeling approach used during, for example, more steady state operation.
[0119] Across-the-ribbon temperature distributions can be achieved using various heating/cooling devices to enable
heating/cooling at a rate that is slower/faster than that realized using unaided radiation of heat and convection. Heat-
ing/cooling devices within the purview of those skilled in the art of glass sheet manufacture may be used to realize the
desired across-the-ribbon thermal profile.
[0120] In terms of heating, a plurality of heating elements can be distributed across the width of the ribbon and the
amount of power supplied to individual elements can be varied to achieve a desired temperature distribution at the
surface of the ribbon. In terms of cooling, water cooling tubes (cooling bayonets) can be used to remove heat by radiation
from the hot glass onto the cold (water cooled) metal surface of the bayonet. The heat extraction for conventional
bayonets is mostly uniform across the width of the ribbon.
[0121] FIG. 2A shows a conventional cooling bayonet 17 in which water enters the bayonet through inlet 19, passes
down the center of the bayonet, and then returns along its periphery where it absorbs heat before leaving through exit
21. In FIG. 2A, the bayonet is shown as having a uniform outside diameter and a uniform emissivity coating 23.
[0122] To achieve differential cooling, the surface of the bayonets can be coated with different emissivity coatings
and/or the outside diameter of the bayonets can be increased or decreased along the length of the bayonet. Specifically,
less cooling is achieved by reducing the outside diameter (reduction of heat transfer area) or reduction of surface
emissivity (reduction in radiation absorbed by the surface) or a combination of outside diameter and emissivity. More
cooling is achieved by the opposite conditions, i.e., larger diameters and higher emissivity.
[0123] Tubes of different diameter can be welded together to obtain the cross sectional area difference and coatings
with different emissivity can be selected to obtain the desired radiation heat transfer control. If desired, the size, diameter,
and emissivity of the higher and lower cooling regions can be adjusted so that their total heat extraction matches that
of a standard cooling bayonet. In this way, the likelihood that across-the-ribbon cooling patterns selected to reduce
distortion levels will have undesirable effects on other glass attributes can be minimized. Along these same lines, as a
general proposition, producing an across-the-ribbon temperature distribution by localized temperature decreases is less
likely to compromise overall glass quality than producing such a distribution by temperature increases.
[0124] As representative examples, FIG. 2B depicts a differential cooling bayonet which has two-emissivity coatings
23 and 25, and two diameters. With this design, it is possible to achieve 5 independent cooling regions. FIG. 2C shows
a two-emissivity, three-diameter design which can achieve 7 independent cooling regions. In practice, more or less
regions can, of course, be used as needed.
[0125] A further discussion of cooling bayonets that can be used in the practice of the present invention can be found
in U.S. Patent Publication No. 2006/0081009.
[0126] Without intending to limit it in any manner, the present invention will be more fully described by the following
examples.

Example 1

Temperature Distributions Which Compensate For Spherically-Shaped Sheets

[0127] This example illustrates the principles of the invention for the case of a spherically-shaped sheet. In overview,
the approach taken in this example, and in Example 2, is to model the stress generated upon vacuuming selected shapes
onto a flat plane and then to use those calculated stress values to select a thermal distribution that produces a calculated
thermal stress distribution that will at least partially cancel the vacuum generated stress distribution.
[0128] FIG. 3 shows a spherically-shaped, glass sheet having a width of 1100 millimeters, a length of 1300 millimeters,
and a spherical dome height δ of 1 millimeter. FIG. 4 shows the resulting calculated edge stress levels along the width
and length of the sheet (curves 43 and 45, respectively) when flattened onto a plane.
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[0129] FIGs. 5 and 6 show the geometry of the spherically-shaped sheet, as well as coordinate systems that can be
used in determining a two-dimensional temperature distribution T(x,y) that will produce thermal strains which will precisely
cancel the strains ε(r,θ) created when the curved sheet is flattened.
[0130] The strains ε(r,θ) produced upon flattening of the sheet are given by the difference between the perimeters
after and before flattening as follows, where the subscript "f" refers to "after flattening" and the subscript "d" refers to
"before flattening": 

[0131] In terms of the geometry of FIG. 6, Equation (1) can be transformed to: 

and then to: 

where 

[0132] The temperature distribution T(r,θ) that will cancel this strain distribution is given by the following equation,
where CTE is the coefficient of thermal expansion of the glass, which in general is a function of temperature but is
assumed to be a constant for the purposes of this example, and Tref is the reference temperature used in defining CTE: 

[0133] Using FIG. 5, Equation (2) can be transformed to an (x,y) coordinate system to give T(x,y) as follows: 

[0134] FIG. 7 is a plot of the temperature distribution of Equation (3) and FIG. 8 is a plot of the calculated thermal
stresses along the edges of the sheet associated with this temperature distribution (curve 47 is along the sheet’s width;
curve 49 is along its length). A comparison of FIG. 8 with FIG. 4 shows the exact cancellation of the shape-induced
stress by the thermal stress distribution.
[0135] The thermal distribution of FIG. 7 is a two dimensional distribution which in general may be difficult to implement
in practice.
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[0136] FIGs. 9 through 11 show the results of studies performed using a one-dimensional temperature distribution
across the width of the sheet which is applied along the entire length of the sheet (i.e., from y=0 through y=1300 mm in
FIG. 5). The temperature distribution used in these figures corresponds to an across-the-ribbon temperature distribution
which can be readily implemented in practice.
[0137] In particular, FIG. 9 shows the FIG. 7 across-the-ribbon temperature profile at y=0, and FIG. 10 shows the
resulting calculated thermal stresses along the edges of the sheet associated with this temperature distribution (curve
51 is along the sheet’s width; curve 53 is along its length). A comparison of this figure with FIG. 4 shows that only 50%
cancellation is achieved. However, FIG. 11 shows that by simply doubling the one-dimensional temperature distribution,
i.e., by using 2•T(x) of FIG. 9, cancellation of the edge stresses is achieved.
[0138] In particular, curves 55 and 57 of FIG. 11 show the calculated thermal edge stresses associated with the 2•T(x)
temperature distribution along the width and length of the sheet, respectively. A comparison of these curves with those
of FIG. 4 demonstrates the ability of a one-dimensional temperature distribution to cancel the shape-induced edge
stresses associated with a spherically-shaped sheet.

Example 2

Temperature Distributions Which Compensate For Ellipsoidally-Shaped Sheets

[0139] This example extends the analysis of Example 1 to ellipsoidally-shaped sheets.
[0140] FIG. 12 shows a representative ellipsoidally-shaped sheet where the ratio (F) between the curvature of the
sheet in the width direction to that in the length direction is 2.0.
[0141] FIG. 14A shows the edge stresses developed when the ellipsoid of FIG. 12 is flattened (curve 59 is along the
sheet’s width; curve 61 is along its length), and FIG. 14B shows the compensating thermal stresses produced by the
thermal profile of FIG. 13 applied across the width of the ribbon. In particular, curves 63 and 65 in FIG. 14B show the
compensating thermal stress along the sheet’s width and length, respectively. As can be seen from a comparison of
FIGs. 14A and 14B, the thermal profile of FIG. 13 achieves cancellation of the shape-induced edge stresses.
[0142] FIGs. 15 and 16 show compensating thermal profiles for ellipsoids having F values of 5 and 10, respectively.
As in the F=2 case of FIGs. 12 through 14, the thermal profiles of FIGs. 15 and 16 were found to produce cancellation
of the shape-induced edge stresses associated with flattening of their respective ellipsoids (data not shown). A comparison
of FIGs. 15 and 16 with each other and with FIG. 13 reveals that as the F value of the ellipsoid increases, the temperature
differential across the ribbon needed to achieve cancellation becomes smaller for a given 8.
[0143] It should be noted that the temperature distributions of FIGs. 15 and 16, as well as those of FIGs. 7, 9, and 13,
assume that the glass has a uniform CTE behavior across the width of the ribbon. Because the across-the-ribbon
temperature differences are small, this is a reasonable assumption. Accordingly, the across-the-ribbon temperature
distributions used in practice can, in general, be substantially those shown in these figures.

Example 3

Decomposition Into Components: Edge Stress Decomposition

[0144] This example illustrates how edge stress distributions can be decomposed into long-scale and short-scale
variations.
[0145] FIG. 17 shows a representative in-plane, thickness-averaged, stress measurement along one edge of a glass
sheet under vacuumed flat conditions (curve 67). The figure also shows a decomposition of that stress distribution into
a long-scale component (low spatial frequency component) and a short-scale component (high spatial frequency com-
ponent). Specifically, curve 69 shows a long-scale component, determined, for example, by fitting a parabola to curve
67. Curve 71 shows a short-scale component, determined by subtracting curve 69 from curve 67. Alternatively, the
decomposition can be done as a Fourier series expansion.
[0146] Such decompositions can be used in various ways. For example, across-the-ribbon temperature distributions
can be selected based on the long-scale (long range) stress distribution, which, as discussed above, normally has a
greater effect than short-scale (short range) stress components on the distortion exhibited by sub-pieces cut from a
glass sheet.
[0147] Although FIG. 17 illustrates decomposition for a stress measurement along one edge of a glass sheet, decom-
position can also be used on two-dimensional stress distributions, on shape measurements obtained under gravity-free
or substantially gravity-conditions, on stress distributions calculated from such shape measurements, on stress distri-
butions calculated and/or measured along and/or in the vicinity of cut lines, and the like. In all these cases, the long
range components will typically play a greater role in distortion than the short range components and thus in accordance
with the invention, distortion compensation is preferably directed, at least in the first instance, to the long range compo-
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nents.

Example 4

Determination of the Setting Zone Temperature Range

[0148] This example illustrates the determination of the setting zone temperature range (SZTR) for a particular glass
composition (Corning Incorporated Code Eagle 2000 glass) for a representative drawing rate using the techniques
discussed above in Section V(D)(3). In addition to the SZTR, values for the cSZTR, ssSZTR, and msSZTR are also
determined for this glass and drawing rate.
[0149] A room temperature Young’s modulus of 6.90 x 1010 Pa along with the following Fulcher coefficients were used
in the analysis: A = -30.8; B = 64125.1; T0=-323.6. The drawing rate for the ribbon was assumed to correspond to a
cooling rate of 10°C/second.
[0150] As discussed above, the lower end of the SZTR is that temperature (TL) which produces a SZP value of 55.8.
Using the Fulcher coefficients set forth above and Eqs. F and G gives: 

[0151] Solving these two equations for TL gives a temperature of 749°C. Following the same procedures for the upper
end of the SZTR gives 806°C. The SZTR for Eagle 2000 glass is thus 749-806°C.
[0152] In the same manner, the following ranges were determined for this glass: 

and 

[0153] By applying across-the-ribbon temperature distributions at one or more positions in the above SZTR (preferably,
the above cSZTR, more preferably, the above ssSZTR, and most preferably, the above msSZTR), the distortion exhibited
by sub-pieces cut from substrates composed of Eagle 2000 glass is controlled.
[0154] Although specific embodiments of the invention have been described and illustrated, it is to be understood that
modifications can be made without departing from the invention’s scope. For example, although the invention has been
discussed above primarily in terms of a fusion downdraw process, it is equally applicable to a float process where again
a glass ribbon is formed and passes through a SZTR as it is cooled.
[0155] A variety of other modifications which do not depart from the scope of the invention will be evident to persons
of ordinary skill in the art from the disclosure herein.

APPENDIX A

EQUATIONS FOR THERMAL STRESS

[0156] The stresses and strains in the sheet must satisfy the following sets of field equations.

Compatibility

[0157]
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where ε is the total strain, subscripts denote components in the conventional manner, and x,y,z are rectangular coordi-
nates. See, for example, Sokolnikoff, I.S., 1956, Mathematical Theory of Elasticity, Robert E. Krieger Publishing Company,
Malabar, Florida. The compatibility equations express that the displacement field be continuous. That is, they express
that holes do not form in the body, and that the same space is not occupied by more than one part of the body.
[0158] In an elastic model, the total strain is the sum of the elastic and thermal strains. The elastic strains ε are: 

 where α is the coefficient of thermal expansion, taken to be isotropic here, and T is the temperature difference from the
base temperature at which thermal strains are zero. Note that T can be a function of spatial location.

Constitutive Law

[0159]

~
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where σij is the stress, E the Young’s modulus, and ν the Poisson’s ratio. E and ν can be functions of temperature. This
set of equations describes the stress-strain behavior of the material, which is taken to be linear elastic, although it could
be visco-elastic, if desired.

Equilibrium

[0160]

[0161] To find the thermally induced stresses, the preceding sets of coupled equations are solved, along with the
boundary conditions and a given temperature distribution. The boundary conditions can, for example, treat the sheet as
being free of external forces. Alternatively, the boundary conditions can include the application of an external force, e.g.,
an outwardly directed external force and/or a twisting force, at one or more longitudinal positions along the length of the
ribbon.
[0162] If the thermal strains satisfy compatibility by themselves, the total strain can simply be the thermal strain, and
there will be no stress. For example, if the thermal strains are uniform, or if they have a uniform gradient, they satisfy
compatibility by themselves, so there will be no stresses. When the thermal strains do not satisfy compatibility, elastic
(or visco-elastic) strains enter the picture, such that the total strain satisfies compatibility.
[0163] The model can be implemented using the ANSYS finite element software. The preceding sets of equations
and procedures to solve them, are built into ANSYS. The geometry, material properties (E, ν, α) as functions of temper-
ature, and the temperature distribution are specified to the ANSYS software.
[0164] The preceding equations are for the linear case: infinitesimal strains, linear elastic material behavior, and small
displacements. However, in some of the cases of interest, there can be a geometrical non-linearity. For example, the
strains can be infinitesimal and the material behavior can be linear elastic, but the displacements can be large enough
to require non-linear analysis.
[0165] In such non-linear cases, the equations to be solved are more complicated than the linear equations given
above, but are available in many textbooks, such as, Malvern, L.E., Introduction to the Mechanics of a Continuous
Medium, Prentice-Hall, Inc., 1969; Belytschko, T., Liu, W.K., Moran, B., Nonlinear Finite Elements for Continua and
Structures, John Wiley & Sons, Ltd., 2000; and Dhondt, G., The Finite Element Method for Three-Dimensional Thermo-
mechanical Applications, John Wiley & Sons, Ltd., 2004.
[0166] Further, ANSYS, and many other commercially available finite element software packages, have the non-linear
equations, and the procedures to solve them, built-in. For example, in ANSYS, the command NLGEOM,ON is used in
conjunction with elements that support non-linear behavior (for example, SHELL 181 elements) to specify that the non-
linear equations are the ones to be solved.

Claims

1. A method for controlling the distortion exhibited by sub-pieces cut from glass sheets cut from a glass ribbon produced
by a drawing process having a drawing rate, said glass having a setting zone parameter, hereinafter referred to as
SZP, given by: 

where E is the Young’s modulus of the glass measured at room temperature in Pa, η is the viscosity of the glass in
Pa.s as a function of temperature and the Cooling Rate in °C/s is determined between the softening point and the
annealing point of the glass,
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said glass further having a setting zone temperature range, hereinafter referred to as SZTR, being the temperature
range for which the SZP satisfies the relationship 2.7 ≤ SZP ≤ 55.8, said glass ribbon having a centerline, and said
method comprising:

(a) determining an across-the-ribbon shape for the ribbon at one or more longitudinal positions along the ribbon
where the glass at the centerline of the ribbon has a temperature within the SZTR, and
(b) producing an across-the-ribbon temperature distribution at one or more longitudinal positions along the
ribbon based on at least one of the one or more across-the-ribbon shapes determined in step (a) so that a
population of glass sheets cut from the ribbon has, for each sheet in the population, a maximum distortion of 2
microns for sub-pieces cut from the sheet, where each sheet in the population has an area greater than or equal
to 0.25 square meters,

wherein at least one of the one or more longitudinal positions of step (b) is a position at which the glass at the
centerline of the ribbon has a temperature within the SZTR.

2. The method of Claim 1 wherein the glass has a sweet spot temperature range, hereinafter referred to as ssSZTR,
within the SZTR, the ssSZTR being the temperature range for which the SZP satisfies the relationship 6.9 ≤ SZP ≤
11.8, and at least one of the one or more longitudinal positions of step (a) is a position where the glass at the
centerline of the ribbon has a temperature within the ssSZTR.

3. The method of Claim 1 wherein at least one of the one or more longitudinal positions of step (b) is the same as one
of the one or more longitudinal positions of step (a).

4. The method of Claim 1 wherein:

(A) at least one of the one or more across-the-ribbon shapes determined in step (a) comprises a plurality of
shape components and at least one of the one or more across-the-ribbon temperature distributions produced
in step (b) is selected based on a decomposition of said at least one across-the-ribbon shape into its shape
components; and/or
(B) at least one of the one or more across-the-ribbon shapes determined in step (a) comprises a plurality of
shape components and at least one of the one or more across-the-ribbon temperature distributions produced
in step (b) is selected based on a decomposition of said at least one across-the-ribbon shape into its shape
components, and:

(i) said shape components comprise at least a first shape component and a second shape component;
(ii) the first shape component has a first spatial frequency content and the second shape component has
a second spatial frequency content;
(iii) the first spatial frequency content corresponds to lower spatial frequencies than the second spatial
frequency content; and
(iv) at least one of the one or more across-the-ribbon temperature distributions produced in step (b) is based
on said first shape component; and/or

(C) at least one of the one or more across-the-ribbon shapes determined in step (a) comprises a developable
shape component and a non-developable shape component and at least one of the one or more across-the-
ribbon temperature distributions produced in step (b) is based on said non-developable shape component; and/or
(D) at least one of the one or more across-the-ribbon shapes determined in step (a) is filtered to remove at least
some spatial frequencies and at least one of the one or more across-the-ribbon temperature distributions pro-
duced in step (b) is based on said filtered shape; and/or
(E) at least one of the one or more across-the-ribbon shapes determined in step (a) is based on a stress, shape,
and/or in-plane shape change measurement performed on one or more glass sheets cut from the ribbon and/or
on distortion measurements performed on one or more sub-pieces cut from one or more glass sheets.

5. The method of Claim 1 wherein:

(i) the drawing process comprises a series of substantially identical cycles, each cycle extending from the cutting
of one glass sheet to the cutting of the next glass sheet from the ribbon;
(ii) during each cycle, the shape of the ribbon varies as a function of time; and
(iii) at least one of the one or more across-the-ribbon shapes determined in step (a) is determined as a function
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of time.

6. A method for controlling the distortion exhibited by sub-pieces cut from glass sheets cut from a glass ribbon produced
by a drawing process having a drawing rate, said glass having a setting zone parameter, hereinafter referred to as
SZP, given by: 

where E is the Young’s modulus of the glass measured at room temperature in Pa, η is the viscosity of the
glass in Pa.s as a function of temperature and the Cooling Rate in °C/s is determined between the softening
point and the annealing point of the glass,
said glass further having a setting zone temperature range, hereinafter referred to as SZTR, being the temper-
ature range for which the SZP satisfies the relationship 2.7 ≤ SZP ≤ 55.8, said glass ribbon having a centerline
and said method comprising:

(i) determining the SZTR for the glass for said drawing rate; and
(ii) producing an across-the-ribbon temperature distribution at one or more longitudinal positions along the
ribbon where the glass at the centerline of the ribbon has a temperature within the SZTR based on (a) an
average shape for the glass sheets under substantially gravity-free conditions or (b) an average stress
distribution for the glass sheets under vacuumed flat conditions, so that a population of glass sheets cut
from the ribbon has, for each sheet in the population, a maximum distortion of 2 microns for sub-pieces cut
from the sheet, where each sheet in the population has an area greater than or equal to 0.25 square meters.

7. A method for producing sheets of glass using a glass manufacturing process that produces a ribbon of glass, said
glass manufacturing process having a drawing rate, said glass having a setting zone parameter, hereinafter referred
to as SZP, given by: 

where E is the Young’s modulus of the glass measured at room temperature in Pa, η is the viscosity of the glass in
Pa.s as a function of temperature and the Cooling Rate in °C/s is determined between the softening point and the
annealing point of the glass,
said glass further having a setting zone temperature range, hereinafter referred to as SZTR, being the temperature
range for which the SZP satisfies the relationship 2.7 ≤ SZP ≤ 55.8, and said method comprising:

(a) determining the SZTR for the glass for said drawing rate;
(b) producing at least one sheet of glass under a set of operating conditions that comprises target temperature
values for at least one longitudinal position along the length of the ribbon where the glass is passing through
the SZTR, said target temperature values being at locations that are distributed across the width of the ribbon,
hereinafter referred to as across-the-ribbon locations;
(c) measuring one or more of the following for the at least one sheet produced under said set of operating
conditions:

(i) stress values at a plurality of spatially-separated locations on the sheet and/or on one or more sub-pieces
cut from the sheet while the sheet and/or the sub-pieces are vacuumed onto a plane surface, hereinafter
referred to as stress values,
(ii) deviation-from-a-flat-plane values of the sheet and/or of one or more sub-pieces cut from the sheet
under gravity-free or substantially gravity-free conditions, hereinafter referred to as gravity-free deviation-
from-a-flat-plane values,
(iii) deviation-from-a-flat-plane values of the sheet and/or of one or more sub-pieces cut from the sheet
under gravity conditions, hereinafter referred to as gravity deviation-from-a-flat-plane values, and
(iv) in-plane shape change values for the sheet and/or distortion values for one or more sub-pieces cut
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from the sheet, hereinafter referred to as shape change/distortion values;

(d) comparing the measured values of step (c) with one or more distortion criteria and/or one or more surrogate
distortion criteria;
(e) determining revised target temperature values for across-the-ribbon locations at at least one longitudinal
position along the length of the ribbon where the glass is passing through the SZTR using the comparison with
the one or more distortion criteria and/or the one or more surrogate distortion criteria;
(f) producing at least one sheet of glass using the revised target temperature values determined in step (e);
(g) measuring one or more of the following for the at least one sheet produced in step (f): (i) stress values, (ii)
gravity-free deviation-from-a-plane values, (iii) gravity deviation-from-a-plane values, and (iv) shape change/dis-
tortion values; and
(h) comparing the measured values of step (g) with the one or more distortion criteria and/or the one or more
surrogate distortion criteria, and, if necessary, repeating steps (e) through (g), one or more times, using the
same at least one longitudinal position and/or at least one different longitudinal position along the length of the
ribbon.

8. The method of Claim 7 wherein in step (e), the revised target temperature values are determined using a computer
model that is capable of relating changes in an across-the-ribbon thermal distribution to changes in predicted stresses
and/or strains in the glass ribbon and/or in a glass sheet cut from the ribbon.

9. The method of Claim 7 wherein steps (e) through (g) are repeated until at least one longitudinal position and target
temperature values at said position are determined which produce measured values which satisfy the one or more
distortion criteria and/or the one or more surrogate distortion criteria.

10. The method of Claim 7 wherein:

(A) measured values are decomposed into spatial components and those decomposed values are used in
determining target temperature values; and/or
(B) measured values are decomposed into spatial components and those decomposed values are used in
determining target temperature values, and:

(i) said spatial components comprise at least a first spatial component and a second spatial component;
(ii) the first spatial component has a first spatial frequency content and the second spatial component has
a second spatial frequency content;
(iii) the first spatial frequency content corresponds to lower spatial frequencies than the second spatial
frequency content; and
(iv) the first spatial component is used in determining target temperature values; and/or

(C) measured values are decomposed based on a developable spatial component and a non-developable
spatial component and the decomposed values based on the non-developable spatial component are used in
determining target temperature values; and/or
(D) measured values are filtered to remove at least some spatial frequencies and the filtered values are used
in determining target temperature values; and/or
(E) the measured values are mean values for a population of sheets produced in step (b) and/or step (f).

Patentansprüche

1. Verfahren zur Kontrolle der Verformung von Teilstücken, welche aus Glasplatten herausgeschnitten werden, die
von einem in einem Ziehverfahren mit einer Ziehgeschwindigkeit hergestellten Glasband abgeschnitten sind, wobei
das Glas einen Parameter für die Aushärtezone, im Folgenden PAZ genannt, aufweist, der angegeben wird mit: 

wobei E für den Elastizitätsmodul des Glases, gemessen bei Raumtemperatur in Pa, steht, η für die Viskosität des
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Glases in Pa.s in Abhängigkeit der Temperatur steht und die Abkühlgeschwindigkeit in °C/s zwischen dem Erwei-
chungspunkt und dem oberen Kühlpunkt des Glases bestimmt wird,
wobei das Glas ferner einen Aushärtezonentemperaturbereich, im Folgenden AZTB genannt, aufweist, bei dem es
sich um den Temperaturbereich handelt, für den die PAZ die Beziehung 2,7 ≤ PAZ ≤ 55,8 erfüllt, wobei das Glasband
eine Mittellinie aufweist, und wobei das Verfahren Folgendes umfasst:

(a) Bestimmen einer Bandquerschnittsform des Bandes an einer oder mehreren Längspositionen entlang des
Bandes, wobei das Glas an der Mittellinie des Bandes eine Temperatur innerhalb des AZTB aufweist, und
(b) Erzeugen einer Bandquerschnittstemperaturverteilung an einer oder mehreren Längspositionen entlang des
Bandes auf Grundlage wenigstens einer der einen oder mehreren in Schritt (a) bestimmten Bandquerschnitts-
formen, sodass eine Population von vom Band abgeschnittenen Glasplatten je Platte in der Population eine
maximale Verformung von 2 Mikrometern bei aus der Platte herausgeschnittenen Teilstücken aufweist, wobei
jede Platte der Population eine Fläche größer gleich 0,25 Quadratmeter aufweist,

wobei es sich bei wenigstens einer der einen oder mehreren Längspositionen aus Schritt (b) um eine Position
handelt, bei der das Glas an der Mittellinie des Bandes eine Temperatur innerhalb des AZTB aufweist.

2. Verfahren nach Anspruch 1, wobei das Glas innerhalb des AZTB einen optimalen Temperaturbereich aufweist, im
Folgenden oAZTB genannt, wobei der oAZTB derjenige Temperaturbereich ist, bei dem die PAZ die Beziehung 6,9
≤ PAZ ≤ 11,8 erfüllt und es sich bei wenigstens einer der einen oder mehreren Längspositionen aus Schritt (a) um
eine Position handelt, bei der das Glas an der Mittellinie des Bandes eine Temperatur innerhalb des oAZTB aufweist.

3. Verfahren nach Anspruch 1, wobei wenigstens eine der einen oder mehreren Längspositionen aus Schritt (b) gleich
einer der einen oder mehreren Längspositionen aus Schritt (a) ist.

4. Verfahren nach Anspruch 1, wobei:

(A) wenigstens eine der einen oder mehreren in Schritt (a) bestimmten Bandquerschnittsformen eine Mehrzahl
von Formkomponenten umfasst und wenigstens eine der einen oder mehreren in Schritt (b) erzeugten Bandquer-
schnittstemperaturverteilungen auf Grundlage einer Zerlegung der wenigstens einen Bandquerschnittsform in
ihre Formkomponenten ausgewählt wird; und/oder
(B) wenigstens eine der einen oder mehreren in Schritt (a) bestimmten Bandquerschnittsformen eine Mehrzahl
von Formkomponenten umfasst und wenigstens eine der einen oder mehreren in Schritt (b) erzeugten Bandquer-
schnittstemperaturverteilungen auf Grundlage einer Zerlegung der wenigstens einen Bandquerschnittsform in
ihre Formkomponenten ausgewählt wird, und:

(i) die Formkomponenten wenigstens eine erste Formkomponente und eine zweite Formkomponente um-
fassen,
(ii) die erste Formkomponente einen ersten Ortsfrequenzgehalt und die zweite Formkomponente einen
zweiten Ortsfrequenzgehalt aufweist,
(iii) der erste Ortsfrequenzgehalt niedrigeren Ortsfrequenzen als der zweite Ortsfrequenzgehalt entspricht,
und
(iv) wenigstens eine der einen oder mehreren in Schritt (b) erzeugten Bandquerschnittstemperaturvertei-
lungen auf der ersten Formkomponente basiert; und/oder

(C) wenigstens eine der einen oder mehreren in Schritt (a) bestimmten Bandquerschnittsformen eine entwi-
ckelbare Formkomponente und eine nichtentwickelbare Formkomponente umfasst und wenigstens eine der
einen oder mehreren in Schritt (b) erzeugten Bandquerschnittstemperaturverteilungen auf der nichtentwickel-
baren Formkomponente basiert; und/oder
(D) wenigstens eine der einen oder mehreren in Schritt (a) bestimmten Bandquerschnittsformen derart gefiltert
wird, dass wenigstens einige Ortsfrequenzen entfernt werden, und wenigstens eine der einen oder mehreren
in Schritt (b) erzeugten Bandquerschnittstemperaturverteilungen auf der gefilterten Form basiert; und/oder
(E) wenigstens eine der einen oder mehreren in Schritt (a) bestimmten Bandquerschnittsformen auf einer
Messung der Spannung, Form und/oder Formveränderung in einer Ebene, die an einer oder mehreren vom
Band abgeschnittenen Glasplatten vorgenommen wird, und/oder auf Verformungsmessungen, die an einem
oder mehreren aus einer oder mehreren Glasplatten herausgeschnitten Teilstücken vorgenommen werden,
basiert.
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5. Verfahren nach Anspruch 1, wobei

(i) das Ziehverfahren eine Reihe von im Wesentlichen identischen Zyklen umfasst, wobei sich jeder Zyklus vom
Abschneiden einer Glasplatte bis zum Abschneiden der nächsten Glasplatte vom Band erstreckt;
(ii) die Form des Bandes während jedes Zyklus in Abhängigkeit der Zeit variiert; und
(iii) wenigstens eine der einen oder mehreren in Schritt (a) bestimmten Bandquerschnittsformen in Abhängigkeit
der Zeit bestimmt wird.

6. Verfahren zur Kontrolle der Verformung von Teilstücken, welche aus Glasplatten herausgeschnitten werden, die
von einem in einem Ziehverfahren mit einer Ziehgeschwindigkeit hergestellten Glasband abgeschnitten sind, wobei
das Glas einen Parameter für die Aushärtezone, im Folgenden PAZ genannt, aufweist, der angegeben wird mit: 

wobei E für den Elastizitätsmodul des Glases, gemessen bei Raumtemperatur in Pa, steht, η für die Viskosität des
Glases in Pa.s in Abhängigkeit der Temperatur steht und die Abkühlgeschwindigkeit in °C/s zwischen dem Erwei-
chungspunkt und dem oberen Kühlpunkt des Glases bestimmt wird,
wobei das Glas ferner einen Aushärtezonentemperaturbereich, im Folgenden AZTB genannt, aufweist, bei dem es
sich um den Temperaturbereich handelt, für den die PAZ die Beziehung 2,7 ≤ PAZ ≤ 55,8 erfüllt, und wobei das
Verfahren Folgendes umfasst:

(i) Bestimmen des AZTB für das Glas bei der Ziehgeschwindigkeit; und
(ii) Erzeugen einer Bandquerschnittstemperaturverteilung an einer oder mehreren Längspositionen entlang des
Bandes, wobei das Glas an der Mittellinie des Bandes eine Temperatur innerhalb des AZTB aufweist, auf
Grundlage von (a) einer durchschnittlichen Form für die Glasplatten unter im Wesentlichen schwerelosen Be-
dingungen oder (b) einer durchschnittlichen Spannungsverteilung für die Glasplatten unter flach angesaugten
Bedingungen, sodass eine Population von vom Band abgeschnittenen Glasplatten je Platte in der Population
eine maximale Verformung von 2 Mikrometern bei aus der Platte herausgeschnittenem Teilstücken aufweist,
wobei jede Platte der Population eine Fläche größer gleich 0,25 Quadratmeter aufweist.

7. Verfahren zur Herstellung von Glasplatten unter Anwendung eines Glasherstellungsverfahrens, bei dem ein Glas-
band hergestellt wird, wobei das Glasherstellungsverfahren eine Ziehgeschwindigkeit aufweist und das Glas einen
Parameter für die Aushärtezone, im Folgenden PAZ genannt, aufweist, der angegeben wird mit: 

wobei E für den Elastizitätsmodul des Glases, gemessen bei Raumtemperatur in Pa, steht, η für die Viskosität des
Glases in Pa.s in Abhängigkeit der Temperatur steht und die Abkühlgeschwindigkeit in °C/s zwischen dem Erwei-
chungspunkt und dem oberen Kühlpunkt des Glases bestimmt wird,
wobei das Glas ferner einen Aushärtezonentemperaturbereich, im Folgenden AZTB genannt, aufweist, bei dem es
sich um den Temperaturbereich handelt, für den die PAZ die Beziehung 2,7 ≤ PAZ ≤ 55,8 erfüllt, und wobei das
Verfahren Folgendes umfasst:

(a) Bestimmen der AZTB für das Glas bei der Ziehgeschwindigkeit,
(b) Herstellen von wenigstens einer Glasplatte unter einem Satz von Betriebsbedingungen, der Solltempera-
turwerte für wenigstens eine Längsposition entlang der Länge des Bandes umfasst, an der das Glas den AZTB
durchläuft, wobei die Solltemperaturwerte an Stellen vorliegen, die über die Breite des Bandes verteilt sind und
im Folgenden Bandquerschnittsstellen genannt werden;
(c) Messen eines oder mehrerer der Folgenden für die wenigstens eine unter dem Satz von Betriebsbedingungen
hergestellte Glasplatte:

(i) Spannungswerte an einer Mehrzahl von räumlich getrennten Stellen auf der Platte und/oder auf einem
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oder mehreren aus der Platte ausgeschnittenen Teilstücken, während die Platte und/oder die Teilstücke
an eine ebene Fläche angesaugt werden, im Folgenden Spannungswerte genannt,
(ii) Abweichungswerte der Platte und/oder eines oder mehrerer aus der Platte ausgeschnittener Teilstücke
von einer flachen Ebene unter schwerelosen oder im Wesentlichen schwerelosen Bedingungen, im Fol-
genden schwerelose Abweichungswerte von einer flachen Ebene genannt,
(iii) Abweichungswerte der Platte und/oder eines oder mehrerer aus der Platte ausgeschnittener Teilstücke
von einer flachen Ebene unter Schwerkraftbedingungen, im Folgenden nichtschwerelose Abweichungs-
werte von einer flachen Ebene genannt, und
(iv) Formveränderungswerte der Platte in einer Ebene und/oder Verformungswerte eines oder mehrerer
aus der Platte ausgeschnittener Teilstücke, im Folgenden Formveränderungs-/Verformungswerte genannt;

(d) Vergleichen der Messwerte aus Schritt (c) mit einem oder mehreren Verformungskriterien und/oder einem
oder mehreren Ersatzverformungskriterien;
(e) Bestimmen von korrigierten Solltemperaturwerten für Bandquerschnittsstellen an wenigstens einer Längs-
position entlang der Länge des Bandes, an der das Glas den AZTB durchläuft, unter Anwendung des Vergleichs
mit dem einem oder den mehreren Verformungskriterien und/oder dem einen oder den mehreren Ersatzver-
formungskriterien;
(f) Herstellen wenigstens einer Glasplatte unter Verwendung der in Schritt (e) bestimmten korrigierten Solltem-
peraturwerte;
(g) Messen eines oder mehrerer der Folgenden für die wenigstens eine in Schritt (f) hergestellte Platte: (i)
Spannungswerte, (ii) schwerelose Abweichungswerte von einer flachen Ebene, (iii) nichtschwerelose Abwei-
chungswerte von einer flachen Ebene und (iv) Formveränderungs-/Verformungswerte, und
(h) Vergleichen der Messwerte aus Schritt (g) mit einem oder mehreren Verformungskriterien und/oder einem
oder mehreren Ersatzverformungskriterien und, wenn nötig, einmaliges oder mehrfaches Wiederholen der
Schritte (e) bis (g) unter Verwendung derselben wenigstens einen Längsposition und/oder wenigstens einer
anderen Längsposition entlang der Länge des Bandes.

8. Verfahren nach Anspruch 7, wobei in Schritt (e) die korrigierten Solltemperaturwerte unter Verwendung eines Com-
putermodells bestimmt werden, das Veränderungen in einer Bandquerschnittstemperaturverteilung mit Verände-
rungen der vorhergesagten Spannungen und/oder Belastungen in dem Glasband und/oder in einer vom Band
abgeschnittenen Glasplatte in Beziehung setzen kann.

9. Verfahren nach Anspruch 7, wobei die Schritte (e) bis (g) wiederholt werden, bis wenigstens eine Längsposition
und Solltemperaturwerte an dieser Position bestimmt werden, aus denen Messwerte hervorgehen, welche das eine
oder die mehreren Verformungskriterien und/oder das eine oder die mehreren Ersatzverformungskriterien erfüllen.

10. Verfahren nach Anspruch 7, wobei:

(A) Messwerte in räumliche Komponenten zerlegt und diese zerlegten Werte zur Bestimmung von Solltempe-
raturwerten verwendet werden; und/oder
(B) Messwerte in räumliche Komponenten zerlegt und diese zerlegten Werte zur Bestimmung von Solltempe-
raturwerten verwendet werden, und:

(i) die räumlichen Komponenten wenigstens eine erste räumliche Komponente und eine zweite räumliche
Komponente umfassen;
(ii) die erste räumliche Komponente einen ersten Ortsfrequenzgehalt und die zweite räumliche Komponente
einen zweiten Ortsfrequenzgehalt aufweist;
(iii) der erste Ortsfrequenzgehalt niedrigeren Ortsfrequenzen als der zweite Ortsfrequenzgehalt entspricht;
und
(iv) die erste räumliche Komponente zur Bestimmung von Solltemperaturwerten verwendet wird, und/oder

(C) Messwerte basierend auf einer entwickelbaren räumlichen Komponente und einer nichtentwickelbaren
räumlichen Komponente zerlegt werden und die zerlegten Werte, die auf der nichtentwickelbaren räumlichen
Komponente basieren, zur Bestimmung von Solltemperaturwerten verwendet werden; und/oder
(D) Messwerte derart gefiltert werden, dass wenigstens einige Ortsfrequenzen entfernt werden, und die gefil-
terten Werte zur Bestimmung von Solltemperaturwerte verwendet werden; und/oder
(E) die Messwerte Mittelwerte für eine Population von in Schritt (b) und/oder Schritt (f) hergestellten Platten sind.
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Revendications

1. Une méthode de limitation de la déformation que présentent des pièces secondaires découpées de feuilles de verre
coupées dans un ruban de verre produit à l’aide d’une technique d’étirage ayant une vitesse d’étirage, ledit verre
possédant un paramètre de zone de fixation, désigné ci-après SZP, et obtenu avec l’expression suivante : 

dans laquelle E est le module de Young du verre, mesuré à la température ambiante dans Pa, η est la viscosité du
verre dans Pa.s en fonction de la température, et la vitesse de refroidissement en °C/s est déterminée entre le point
de ramollissement et le point de recuit du verre,
ledit verre possédant en outre une plage de températures de zone de fixation, désignée ci-après SZTR, c’est à dire
la plage de températures à laquelle le SZP est conforme au rapport 2.7 ≤ SZP ≤ 55.8, ledit ruban de verre possédant
un axe, et ladite méthode comprenant :

(a) la détermination d’une forme « à travers le ruban », pour le ruban, en un ou plusieurs emplacements longi-
tudinaux le long du ruban, lorsque la température du verre, dans l’axe du ruban, est conforme au SZTR, et
(b) la production d’une distribution de températures « à travers le ruban », en un ou plusieurs emplacements
longitudinaux le long du ruban, basée sur au moins une de la ou des formes « à travers le ruban » déterminées
à l’étape (a) de sorte qu’une série de feuilles de verre coupées dans le ruban présente, pour chaque feuille de
cette série, une déformation maximale de 2 microns pour des pièces secondaires découpées dans la feuille,
la superficie de chaque feuille de la série étant égale à 0,25 mètre carré, ou davantage,

au moins une de la ou des positions longitudinales de l’étape (b) étant un emplacement auquel le verre dans l’axe
du ruban se trouve à une température comprise dans le SZTR.

2. La méthode selon la revendication 1, le verre présentant une plage de températures à zone idéale (« sweet spot »),
désignée ci-après ssSZTR, au sein du SZTR, la ssSZTR étant la plage de températures pour laquelle le SZP est
conforme à l’expression 6.9 ≤ SZP ≤ 11.8, et au moins un des emplacements longitudinaux, au nombre d’un ou
davantage, de l’étape (a), est un emplacement auquel le verre dans l’axe du ruban se trouve à une température
comprise dans la ssSZTR.

3. La méthode selon la revendication 1, au moins un des emplacements longitudinaux, au nombre d’un ou davantage,
de l’étape (b) étant le même qu’un des emplacements longitudinaux, au nombre d’un ou davantage, de l’étape (a).

4. La méthode selon la revendication 1, dans laquelle :

(A) au moins une des formes « à travers le ruban », au nombre d’une ou davantage, déterminée à l’étape (a),
comprend une pluralité de composants de forme, et au moins une des distributions de températures « à travers
le ruban », produites à l’étape (b), au nombre d’au moins une ou davantage, est sélectionnée en fonction d’une
décomposition de ladite au moins une forme « à travers le ruban » dans ses composants de forme ; et/ou
(B) au moins une des formes « à travers le ruban », au nombre d’une ou davantage, déterminée à l’étape (a),
comprend une pluralité de composants de forme, et au moins une des distributions de températures « à travers
le ruban », produites à l’étape (b), au nombre d’au moins une ou davantage, est sélectionnée en fonction d’une
décomposition de ladite au moins une forme « à travers le ruban » dans ses composants de forme ; et

(i) lesdits composants de forme comprenant au moins un premier composant de forme et un deuxième
composant de forme ;
(ii) le premier composant de forme présentant un premier contenu de fréquence spatiale et le deuxième
composant de forme présentant un deuxième contenu de fréquence spatiale ;
(iii) le premier contenu de fréquence spatiale correspondant à des fréquences spatiales inférieures au
deuxième contenu de fréquence spatiale ; et
(iv) au moins une des distributions de températures « à travers le ruban », au nombre d’une ou davantage,
produite à l’étape (b), est basée sur ledit premier composant de forme ; et/ou
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(C) au moins une des formes « à travers le ruban », au nombre d’une ou davantage, déterminée à l’étape (a)
comprend un composant de forme développable et un composant de forme non développable, et au moins une
des distributions de températures « à travers le ruban », au nombre d’une ou davantage, produites à l’étape
(b), est basée sur ledit composant de forme non développable ; et/ou
(D) au moins une des formes « à travers le ruban », au nombre d’une ou davantage, déterminée à l’étape (a),
est filtrée pour supprimer au moins certaines fréquences spatiales, et au moins une des distributions de tem-
pératures « à travers le ruban », au nombre d’une ou davantage, produite à l’étape (b), est basée sur ladite
forme filtrée ; et/ou
(E) au moins une des formes « à travers le ruban », au nombre d’une ou davantage, déterminée à l’étape (a),
est basée sur une contrainte, une forme, et/ou une mesure de variation de la forme dans le plan effectuée sur
une ou plusieurs feuilles de verre découpées dans le ruban et/ou des mesures de la déformation effectuées
sur une ou plusieurs pièces secondaires découpées dans une ou plusieurs feuilles de verre.

5. La méthode selon la revendication 1, dans laquelle :

(i) le procédé d’étirage comprend une série de cycles substantiellement identiques, chaque cycle s’étendant
de la coupe d’une feuille de verre à la coupe de la feuille de verre suivante depuis le ruban ;
(ii) la forme du ruban variant, au cours de chaque cycle, en fonction du temps ; et
(iii) au moins une des formes « à travers le ruban », au nombre d’une ou davantage, déterminée à l’étape (a),
est déterminée en fonction du temps.

6. Une méthode de limitation de la déformation que présentent des pièces secondaires découpées de feuilles de verre
coupées dans un ruban de verre produit à l’aide d’une technique d’étirage ayant une vitesse d’étirage, ledit verre
possédant un paramètre de zone de fixation, désignée ci-après SZP, et obtenue avec l’expression suivante : 

dans laquelle E est le module de Young du verre, mesuré à la température ambiante dans Pa, η est la viscosité du
verre dans Pa.s en fonction de la température, et la vitesse de refroidissement en °C/s est déterminée entre le point
de ramollissement et le point de recuit du verre,
ledit verre possédant en outre une plage de températures de zone de fixation, désignée ci-après SZTR, c’est à dire
la plage de températures à laquelle le SZP est conforme au rapport 2.7 ≤ SZP ≤ 55.8, ledit ruban de verre possédant
un axe, et ladite méthode comprenant :

(i) la détermination du SZTR du verre pour ledit taux d’étirage ; et
(ii) la production d’une distribution de températures « à travers le ruban », en un ou plusieurs emplacements
longitudinaux le long du ruban, où le verre dans l’axe du ruban se trouve à une température comprise dans le
SZTR, en fonction (a) d’une forme moyenne pour les feuilles de verre soumises à des conditions substantiel-
lement d’apesanteur, ou (b) d’une distribution moyenne des contraintes pour les feuilles de verre dans des
conditions plates sous vide, de sorte qu’une population de feuilles de verre coupées du ruban présente, pour
chaque feuille de cette population, une déformation maximale de 2 microns pour des pièces secondaires coupées
de la feuille, la superficie de chaque feuille de cette population étant supérieure ou égale à 0,25 mètre carré.

7. Une méthode pour la production de feuilles de verre appliquant un procédé de fabrication du verre produisant un
ruban de verre, ledit procédé de fabrication du verre présentant un taux d’étirage, ledit verre présentant un paramètre
de zone de fixation, désignée ci-après SZP, et obtenue par l’expression suivante : 

dans laquelle E est le module de Young du verre, mesuré à la température ambiante dans Pa, η est la viscosité du
verre dans Pa.s en fonction de la température, et la vitesse de refroidissement en °C/s est déterminée entre le point
de ramollissement et le point de recuit du verre,
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ledit verre possédant en outre une plage de températures de zone de fixation, désignée ci-après SZTR, c’est à dire
la plage de températures à laquelle le SZP est conforme au rapport 2.7 ≤ SZP ≤ 55.8, et ladite méthode comprenant :

(a) la détermination de SZTR pour le verre, audit taux d’étirage ;
(b) la production d’au moins une feuille de verre d’après un ensemble de conditions d’exploitation comprenant
des valeurs de température cible pour au moins un emplacement longitudinaux le long du ruban, où le verre
traverse le SZTR, lesdites valeurs de température cible étant présentes dans des emplacements distribués sur
le largeur du ruban, désignés ci-après emplacements « à travers le ruban » ;
(c) la mesure d’un ou plusieurs des suivants pour la feuille, au nombre d’au moins une, produite conformément
audit ensemble de conditions d’exploitation :

(i) des valeurs de contraintes en une pluralité d’emplacements spatialement séparés sur la feuille et/ou
une ou plusieurs pièces secondaires coupées de la feuille, lorsque la feuille et/ou les pièces secondaires
sont placées sous vide sur une surface plane, désignées ci-après valeurs de contrainte,
(ii) des valeurs d’écart d’un plan plat de la feuille et/ou d’une ou plusieurs pièces secondaires coupées dans
la feuille dans des conditions d’apesanteur ou substantiellement d’apesanteur, désignées ci-après valeurs
d’écart en apesanteur des valeurs de plan plat,
(iii) des valeurs d’écart d’un plan plat de la feuille et/ou d’une ou plusieurs pièces secondaires coupées
dans la feuille dans des conditions sous l’action de la pesanteur, désignées ci-après valeurs d’écart sous
l’action de la pesanteur des valeurs de plan plat, et
(iv) des valeurs de variation de la forme dans le plan pour la feuille et/ou valeurs de déformation pour une
ou plusieurs des pièces secondaires coupées dans la feuille, désignées ci-après valeurs de variation/dé-
formation de la forme ;

(d) comparaison des valeurs mesurées à l’étape (c) avec un ou plusieurs critères de déformation et/ou un ou
plusieurs critères de déformation de substitution ;
(e) détermination des valeurs de température cible révisées pour des emplacements « à travers le ruban » en
au moins un emplacement longitudinal sur la longueur du ruban, où le verre traverse le SZTR, en utilisant la
comparaison avec le critère de déformation, ou plusieurs de ceux-ci et/ou le ou plusieurs critères de déformation
de substitution ;
(f) production d’au moins une feuille de verre en utilisant les valeurs de température cible révisées, établies à
l’étape (e) ;
(g) mesure d’une ou plusieurs des suivante pour la feuille, au nombre d’au moins une, produite à l’étape (f) :
(i) valeurs de contrainte, (ii) valeurs d’écart d’un plan dans des conditions d’apesanteur, (iii) valeurs d’écart d’un
plan sous l’action de la pesanteur, et (iv) valeurs de changement/déformation de la forme ; et
(h) comparaison des valeurs mesurées à l’étape (g) avec le ou plusieurs critères de déformation et/ou le ou
plusieurs critères de déformation de substitution, et, si nécessaire, répétition, à une ou plusieurs reprises, des
étapes (e) à (g), en utilisant le même emplacement longitudinal, au nombre d’au moins un, et/ou au moins un
emplacement longitudinal divers sur toute la longueur du ruban.

8. La méthode selon la revendication 7, dans laquelle, à l’étape (e), les valeurs révisées de température cible sont
déterminées à l’aide d’un modèle sur ordinateur capable de mettre en rapport des changements dans la distribution
thermique « à travers le ruban » avec des changements dans les sollicitations et/ou contraintes prévues dans le
ruban de verre et/ou une feuille de verre coupée dans le ruban.

9. La méthode selon la revendication 7, les étapes (e) à (g) étant répétées jusqu’à ce que soient déterminées au moins
une position longitudinale et des valeurs de température cibles à ladite position produisant des valeurs mesurées
répondant à un ou plusieurs critères de déformation et/ou à un ou plusieurs critères de déformation de substitution.

10. La méthode selon la revendication 7, dans laquelle :

(A) des valeurs mesurées sont décomposées en composants spatiaux, et ces valeurs décomposées sont
utilisées pour la détermination des valeurs de température cibles ; et/ou
(B) des valeurs mesurées sont décomposées en composants spatiaux, et ces valeurs décomposées sont
utilisées pour la détermination des valeurs de température cibles ; et:

(i) lesdits composants spatiaux comprennent au moins un premier composant spatial et un deuxième
composant spatial ;
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(ii) le premier composant spatial comprend un premier contenu de fréquence spatiale et le deuxième com-
posant spatial comprend un deuxième contenu de fréquence spatiale ;
(iii) le premier contenu de fréquence spatiale correspond à des fréquences spatiales inférieures au contenu
de la deuxième fréquence spatiale ; et
(iv) le premier composant spatial est utilisé pour la détermination des valeurs de température cibles ; et/ou

(C) des valeurs mesurées sont décomposées en fonction d’un composant spatial développable et d’un com-
posant spatial non développable, et les valeurs décomposées basées sur le composant spatial non développable
sont utilisées pour la détermination de valeurs de température cibles ; et/ou
(D) des valeurs mesurées sont filtrées pour enlever au moins certaines fréquences spatiales, et les valeurs
filtrées sont utilisées pour la détermination de valeurs de température cibles ; et/ou
(E) les valeurs mesurées sont des valeurs moyennes pour une population de feuilles produites à l’étape (b)
et/ou à l’étape (f).
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